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Preface
A  s h o r t  h i s t o r y  o f  c a t a ly s i s
Catalysis research started in 1836.
A rather bold statement, which of course is not the full truth. In that year, Berzelius 
concluded that besides ‘affinity’, another force is operative in chemical reactions, the 
‘catalytic force’ and by stating this, he named and opened the research field of catalysis. 
But the phrase ‘catalysis’, derived from the Greek words Kma and A/umq meaning ‘down’ 
and ‘loosen’, was actually first mentioned by Libavius in 1597 in his ‘Alchemia’1,2 which 
is commonly accepted as the first practical chemistry textbook.3 Much later, Ostwald, 
who received a Nobel prize in 1909 for his work on catalysis formulated the current well- 
known definition of a catalyst: ‘A catalyst does not influence the thermodynamic 
equilibrium of reactants and products but affects the rates of the chemical reactions’.4
Man has employed catalysis for ages, for example in fermentation processes for 
the production of wine and cheese, without knowing it as such. An interesting example 
of the development of a catalytic process is the production of sulfuric acid by burning 
sulfur with nitric acid in humid air, the way it was done since the Middle Ages.4 In 1793 
Clement and Desormes showed that the quantity of NO gas present in nitric acid can be 
decreased by admitting additional air, which is the actual oxidizing agent, to the reactor. 
The nitre (nitric acid) is as we know nowadays the catalyst of the reaction. In 1831 a 
process was patented in which SO2 is oxidized to SO3 in the presence of finely divided 
platinum. Commercialization of this sulfuric acid process was not possible until the First 
World War due to technical difficulties. Development of new technologies for the 
manufacture of explosives, which required highly concentrated sulfuric acid, initiated its 
large scale production.
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Figure 1 Jons Jakob Berzelius (1779-1848)
As early as 1800, scientists started to study the influence of metals and oxides on 
the decomposition of chemicals. One example of many is the study of Sir Humphrey 
Davy on the dissociation of hydrogen peroxide over solids with the objective of 
developing a miner’s safety lamp.4 He discovered that the oxidation of coal gas is 
catalyzed by hot platinum and palladium, whereas copper, silver and gold were not 
active. Davy conluded that the action of the metal had to be the heating of the reaction 
mixture, and he thought that the reactivity difference between the former and the latter 
set of metals was due to the low heat capacity and thermal conductivity of copper, silver 
and gold. Later this conclusion was shown to be incorrect, since very finely dispersed 
platinum was found to catalyze the combustion of CO and CH4 also at room 
temperature.
The origin of industrial chemistry lies in the late 18th century, with the 
introduction of the steam engine which started the Industrial Revolution. The production 
of the first important chemical, sodium carbonate for use in the soap and glass industry, 
was patented by Leblanc around 1790. The method produced large quantities of waste, 
most notably hydrogen chloride. Originally, HCl was discarded into the air, but from 
1836 on it was dissolved in water. The resulting hydrochloric acid could be oxidized with 
manganese(IV) oxide into chlorine which was used for the production of bleach.5,6 
Around 1866, Weldon introduced a means to recycle the Mn(II) chloride byproduct with 
oxygen in air using a mixture of lime and limestone (CaO and CaCO3), but this process 
produced stoichiometric amounts of waste. A better method to convert hydrochloric acid 
was developed around the same time by Deacon, who used a copper(I) chloride catalyst 
and oxygen as the oxidant. Only water and chlorine gas are produced. Nowadays, these 
processes have been replaced by cheaper and more efficient ones.
The synthesis of sulphuric acid mentioned above, and the Deacon process for the 
synthesis of chlorine are the first examples of commercial catalytic oxidation processes.
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Pd + 2 CuCl2
2 CuCI + 2 HCl + 1/2 O2
H2C = C H 2 + PdCI2 + H2O
PdCl2 + 2 CuCl
2 CuCI2 + H2O
CH3CHO + Pd + 2HCI (1)
(2)
(3)
In the beginning of the 20th century, the synthesis of ammonia, and the coal and oil 
utilization were the most important industrial goals and the research interests shifted 
towards hydrogenation. In 1919, Haber received the Nobel prize for this work on 
ammonia synthesis. Before and during the Second World War, Germany produced a 
large amount of ethylene from acetylene derived from coke oven gas, which is a mixture 
of base materials for the chemical industry (e.g. ammonia, acetylenes and aromatic 
compounds). As hydrogenation catalysts, Mo, W, Co and Fe were suitable. The total 
production capacity of German hydrogenation plants in 1943/1944 was approximately 4 
million tons per year.
During World War II, research interests focused on oxidation again. Not 
surprisingly, the first important oxidation process was invented by a German scientist, 
Reppe, who studied homogeneous nickel complexes as catalysts for the conversion of 
acetylene with water into acetaldehyde, from 1928 until 1945. Under the influence of 
nickel iodide, acetylene, water and CO were found to give acrylic acid, a process which 
was commercialized in 1955. The basis of this process is still used by BASF.7 With the 
larger availability of ethylene from oil refining, studies were started into new catalytic 
conversions of ethene. Smidt and co-workers at Wacker-chemie attempted to produce 
ethylene oxide with a palladium catalyst, but produced acetaldehyde instead. This 
reaction was combined with a redox system and the catalytic Wacker process was 
invented (equations 1-3). In the 1930’s, ethylene epoxidation with molecular oxygen was 
discovered, using a silver catalyst which was commercialized in the 1960’s. It has been 
the only selective catalyst for the conversion of ethylene into ethylene epoxide to date 
although it has been improved empirically.4
A i m  a n d  o u t l i n e  o f  t h i s  t h e s i s
The project described in this thesis is aimed at the oxidation of olefins and alkylaromatic 
compounds using molecular oxygen as an oxidant. The short history described in the 
previous section clearly illustrates that oxidation has played an important role in 
fundamental as well as applied chemistry. Presently, the need for new, clean and efficient 
oxyfunctionalization methods is still large as illustrated by the existence of the “Selective 
Catalytic Oxidations” section within the Innovation Oriented research Programme 
Catalysis, financed by the Ministry of Economic Affairs in the Netherlands. The research 
described in this thesis was conducted as a part of this IOP section. In Chapter 1, the 
literature of aerobic oxidation is reviewed as far as it is relevant to the subjects described 
in this thesis. An overview of industrial processes using oxygen is included.
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Two industrially relevant oxidation processes were selected for a detailed 
investigation in this project. The first is the oxidation of limonene to carvone, selected by 
flavors and fragrances producer Quest International. Presently, the production process of 
carvone utilizes nitrosylchloride (Scheme 1) which is environmentally demanding. A 
new, clean process is desired.
The second, challenging reaction is the oxidation of methylpyridines to pyridine 
carboxylic acids, which was selected by the DSM chemical company which has a great 
interest in fine chemicals next to its bulk chemicals production from catalytic cracking of 
naphtha. In a previous IOP research project8 it was suggested that the combination of 
molecular oxygen/transition metal/aldehyde (commonly referred to as the Mukaiyama 
oxidation, Scheme 2) may be an interesting system to accomplish the two selected 
transformations. In Chapter 2 of this thesis, a study into the scope and limitations of the 
Mukaiyama oxidation is described.
In order to develop any suitable industrial process based on the Mukaiyama 
epoxidation, it is crucial that there is a detailed knowledge of the mechanism of this 
reaction. We found that this knowledge contains large gaps, and we decided to focus an 
important part of the project on studies into the mechanism of the Mukaiyama reaction. 
This is described in Chapter 3 where we report on the mechanism of the Mukaiyama 
epoxidation of limonene to limonene epoxide as a first step in the synthesis of carvone.
In fine chemical applications, homogeneous catalysts are commonly used because they 
are much better tunable and more versatile, although sometimes more expensive and 
more vulnerable. If such a versatile homogeneous catalyst can be anchored to a carrier or 
support in order to combine the advantages of heterogenous and homogeneous catalysts, 
a potentially interesting system is obtained, provided that the immobilized catalyst is as 
active and selective as the soluble one. In a cooperation with Prof. Sherrington from 
Strathclyde University, Glasgow, we immobilized the catalysts described in Chapters 2 
and 3 onto polymer supports. In Chapter 4, the studies into this heterogenized catalyst 
system for the Mukaiyama epoxidation are described.
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At DSM Research, more than a decade of research into the oxidation of 
alkylpyridines to pyridine carboxylic acids has provided a variety methods for this 
process, including including oxidation by permanganate, ozone oxidation and 
electrochemical oxidation. Some of these processes are in principle suitable for the 
production of pyridine carboxylic acids, but are not ideal because of the high costs and 
waste problems. Also, the Mukaiyama oxidation method is not suitable for this type of 
oxidations as we discovered in a preliminary series of experiments (not described in this 
thesis). Another oxidation method developed by Ishii et al.9 was found to be suitable for 
benzylic oxidation. It uses molecular oxygen (which was taken as a constraint for the 
research described in this thesis), a transition metal catalyst and A-hydroxyphthalimide 
(NHPI) as a co-reactant. This is an interesting system from the point of view of DSM, 
since this company has in-house technology for producing NHPI. We decided to 
investigate the NHPI-based system on an industrially relevant reaction: the benzylic 
oxidation of phenylacetic esters. These studies, including a detailed mechanistic 
discussion, are described in Chapter 5.
The selective aerobic epoxidation of limonene to limonene epoxide using the 
Mukaiyama catalyst makes this reaction a suitable starting point for a synthetic route to 
carvone. It was predicted that the epoxide could be easily converted into the hydrated 
compound (a diol), and subsequently into the allylic alcohol carveol, which may finally 
be oxidized to carvone (Scheme 3). It was hoped that carveol can replace the aldehyde as 
a co-reactant in the Mukaiyama epoxidation with concomitant formation of the ketone, 
carvone in this particular case. This would then lead to a very efficient route to this 
chemical (Scheme 4), since the main drawback of the Mukaiyama reaction is the excess 
of aldehyde co-reagent which is needed, comprising the larger part of the cost and waste 
products of the process. The use of an alcohol as co-reagent appeared not to be possible 
(see Chapter 2), but the outlined route was still found to be an interesting alternative for
O
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the present production methods. In Chapter 6 , a start is made with the development of a 
synthesis route for carvone from limonene, via limonene epoxide.
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Aerobic oxidation and catalysis
Summary
This chapter serves as a literature overview for the research described in the following 
chapters. First, some industrial oxidation processes are described. Next, the theory of 
oxidation chemistry is reviewed as a basis for further discussions in the other chapters. 
Some important properties of the catalysts used in this thesis are discussed. Finally, the 
recent literature of transition metal catalyzed oxidation is reviewed.
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Table 1.1 Industrially relevant catalytic oxidations1-3
Reactant Product Catalyst system
methanol formaldehyde Ag, Cu, Fe2Os/MoO3
ethene ethylene oxide Ag/A^O3
propene propylene oxide Mo
butane maleic anhydride V, P oxides
benzene maleic anhydride MoVOx/TiO2
^-xylene terephthalic acid Co/Br, Mn
o-xylene phthalic anhydride V2O5, Ti oxides
naphthalene phthalic anhydride V2O5, Mo oxides
toluene benzoic acid Co (II)
cyclohexane adipic acid Mn(II), Co(II), Cu/V
1.1 O x i d a t i o n s  i n  b u l k  a n d  f in e  c h e m is t r y
Until 1960, catalytic cracking and hydrogenation were the most important processes in 
chemical industry. In the 60’s following the commercialization of ethylene oxidation, 
more oxidation processes were commercialized. An estimate of the value of world 
products that were completely or partly prepared by catalytic oxidation is $20-40 billion 
(1993).4 In the US alone, 67 million tons of organic chemicals were produced using a 
catalytic oxidation process. In Europe, this amounted to 5 million tons in 1991. Some 
examples of industrially relevant oxidation processes are given in Table 1.1. In this 
section, a selection of these processes which are still used in present bulk chemical 
industry will be highlighted to illustrate the importance of oxidation in present day 
chemical manufacturing. Furthermore, some fine chemical processes are described that 
are of relevance to the research described in this thesis.
1.1.1 Ethene epoxidation
Ethylene oxide is produced exclusively by using a supported silver catalyst (Ag/Al2O3) 
with dioxygen as the ultimate oxidant. Nine million tons of ethylene oxide are produced 
annually (1993).5>6 The reaction proceeds by adsorption of O2 on the silver surface, after 
which an ethene molecule is oxidized by the loosely bound oxygen atom of the activated 
molecular oxygen (Scheme 1.1a). The remaining O atom can only be removed by 
complete combustion with ethene to carbon dioxide and water. Chlorine or alkali metal 
ions promote the epoxidation, presumably by blocking sites of the Ag surface on which
O2 can adsorb dissociatively, thereby reducing the combustion of ethene (Scheme 1.1b) .1 
Mimoun proposed a different mechanism involving a peroxyargentocycle which 
epoxidizes ethene.6’7 The resulting oxosilver(II) is reduced by ethene to yield 
formaldehyde and a carbene-silver(II) complex, which reacts with oxygen to another 
molecule of formaldehyde. Formaldehyde and its oxidation product, formic acid, are
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C=C
01O
7/kr
O
6 ^  + C=C 
Scheme 1.11
both capable of reducing Ag(II) to Ag(0). Both mechanisms predict a maximum 
selectivity of 85% to ethylene oxide.
1.1.2 Propene epoxidation5>8
Of the 3.5 million tons of propylene oxide produced annually (1993), about one half is 
formed by the chlorohydrin route which generates more waste than useful product.
400.000 Tons are manufactured by the SMPO process,1 in which ethylbenzene as a 
feedstock is converted with O2 into the corresponding hydroperoxide. The latter is 
reacted with propene under the influence of a supported Ti(IV)/SiO2 catalyst (Shell) or a 
homogeneous Mo(IV) catalyst (Arco). Propylene oxide is formed, together with
1-phenylethanol which in a subsequent process is converted into styrene, the starting 
material for polystyrene. When z-butane instead of ethylbenzene is used as a feedstock in 
the same process, z-butylene instead of styrene is generated as the secondary product, 
which is then converted into methyl t-butylether (a fuel additive) with methanol.5 
Propylene oxide is used for the manufacture of propylene glycols and polypropylene 
glycols, and is also a component in surfactants and demulsifiers. 1,2-Butylene oxide is 
also prepared by the chlorohydrin process from 1-butene as a starting material. The 
epoxide is used as a corrosion inhibitor in chlorinated solvents.
1.1.3 Aromatic oxidations5-6-9
Industrial applications
Xylenes are important starting materials for catalytic oxidation processes in industry. 
Usually a mixture of xylenes from petroleum reformate used. In 1973, the total xylene 
stream was already more than 1 million tons. One of the largest industrial-scale 
applications of homogeneous catalysis is the oxidation of p -xylene to terephthalic acid or 
its esters. These compounds are building blocks for the synthesis of poly (ethylene 
terephthalate) (PET). Other processes in which dicarboxylic acids are applied include the 
synthesis of aramides (aromatic polyamides), which are made from the acid chlorides of 
terephthalic acid or isophthalic acid and diamines. Two examples of aramides are the
O
(a)
- 2 CO2 + 2 H2O (b)
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well-known fibers Twaron® and Kevlar®8’9 Polybenzimidazole (PBI) which is used as a 
robust catalyst support (see Chapter 4 of this thesis) and as a flame-resistant fiber, is also 
made from isophthalate.9 The phthtalate esters are used as plasticizers or for the synthesis 
of polyesters.
The large-scale production of dimethyl terephthalate, developed by Chemische 
Werke Witten GmbH marks the start of the industrial oxidation by air of alkyl- 
substituted aromatic substrates. In the late 1950’s, the Amoco Chemical Corporation 
developed a liquid-phase oxidation process performed at 190-205° C and 15-30 bar, which 
gave 99.99% pure terephthalic acid from p-xylene after purification with selectivities of 
90%.9 A synergistically acting Co/M n/Br catalyst originally discovered by Safer and 
Barker (1959) is used in acetic acid as a solvent. Other possibilities include Mn/Br, 
Co/Br, or C o/M n/B r/Zr catalyst systems. As a promotor instead of bromide, 
methylethylketone (MEK) or ozone may be used. Catalyst poisons include iodine, 
cyanide and thiocyanide, or amino and hydroxy groups bound to aromatic ring systems, 
which are all strong radical scavengers that can inhibit the oxidation reaction. In the 
same way m-xylene is oxidized to isophthalic acid.
Phthalic anhydride is produced by the oxidation of naphthalene, at the beginning 
of the 20th century with MnO2/HCl or CrO3, later with air and a catalyst at high 
temperatures (e.g. V2Os/SiO2 at 360° C, developed by BASF in 1916).8 From o-xylene, 
phthalic anhydride is made in the liquid phase using a cobalt/bromide catalytic system 
developed by Rhone-Progil, with air as the oxidant. BASF has developed a gas phase 
process using a V2O5 catalyst and air. In 1985, 2.7 million tons of phthalic anhydride 
were produced annually.
The Amoco oxidation of xylenes using Co/Br in acetic acid is also used to oxidize 
toluene to benzoic acid with 99% conversion and 96% selectivity, at the same 
temperature and pressure as the oxidation of p-xylene. An alternative process (Dow) is 
performed at 110-120° C at 2-3 bars of air, with a cobalt salt as a catalyst. The benzoic 
acid that is produced is an intermediate in the production of phenol (the Dow phenol 
process). At more than 1 billion tons per year in the US alone (1985), phenol is one of the 
largest scale products from benzene. An alternative phenol production process proceeds 
via cumene (the Hock process). Cumene is oxidized with air in an aqueous Na2CO3 
emulsion to cumene hydroperoxide, which is subsequently rearranged to phenol and 
acetone with acid. The wide use of phenol includes the preparation of adipic acid, 
aspirin, chlorinated phenols, caprolactam and various resins (from bisphenol-A).
Caprolactam manufacture1’8
Several processes are used for the production of s-caprolactam, the raw material for 
Nylon-6 (Perlon®). The worldwide annual production was approximately 2 million tons 
in 1993. In Scheme 1.2 several reaction routes are outlined. The production of phenol via 
the cumene process or the benzoic acid process have been described in the previous 
section. From phenol, cyclohexanone is made by direct hydrogenation with a palladium 
catalyst in more than 95% selectivity at 140-170° C and 1-2 bar hydrogen. Alternatively,
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Scheme 1.2
cyclohexane may be oxidized with air under the influence of a Co or Mn catalyst, via its 
hydroperoxide which reacts further to a mixture of ketone and alcohol (K/A oil). This oil 
is dehydrogenated with a Zn or Cu catalyst to cyclohexanone with 95% selectivity at 90% 
conversion. Next, cyclohexanone is converted into the oxime with hydroxylamine and 
then via a Beckmann rearrangement caprolactam is obtained. Alternative routes to 
cyclohexanone oxime include direct nitration of cyclohexane with nitrosyl chloride or 
with HNO3.
Related to the process of caprolactam manufacture is the production of 
dicarboxylic acids such as adipic acid (HOOC-(CH2)4-COOH) which is used as a starting 
material for the preparation of polyamides. Approximately 6 • 105 tons per year was 
produced annually in 1985 mainly by DuPont. The K /A  oil which is generated from 
cyclohexane as described above (Scheme 1.2) is oxidized with a Cu/M n acetate catalyst 
and air, or with nitric acid and a copper nitrate/ammonium vanadate catalyst to give 
adipic acid.8
Mechanistic aspects o f  aromatic oxidations
Whereas the reaction equation outlined in Scheme 1.3a for the oxidation of p-xylene is 
deceivingly simple, the mechanism of this aromatic autoxidation is very complex. It 
consists of free-radical chain reactions triggered by oxidation catalysts outlined (for 
toluene instead of p-xylene for clarity) in Scheme 1.3b-d. The reaction may be initiated
HO 2
+
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O2 Co2+, H+Ar-CH2- --- ^  Ar-CH2-OO- - -  Ar-CH2-OOH ArCHO (d)
Scheme 1.3
(Scheme 1.3b) by a radical (In- ) or by a metal ion such as Co111. The rate-determining step 
shown in Scheme 1.3c is electron transfer from the benzyl radical to Co111. Benzyl acetate 
is formed which reacts further to benzoic acid via benzylic hydrogen abstraction by Co111 
and subsequent reaction with molecular oxygen. Alternatively, the benzyl radical is 
trapped by dioxygen to form the benzoylperoxy radical which leads to the formation of 
benzaldehyde (Scheme 1.3d). This aldehyde can be oxidized in a sequence of cobalt- 
catalyzed reactions with molecular oxygen to benzoic acid. The latter sequence 
regenerates highly oxidized metal species like Co111.
The initiation step and the subsequent catalytic steps are strongly dependent on 
the metal and substrate. Cobalt(III) is an efficient catalyst in most oxidations but not in 
the case of electron-poor systems (such as toluic acid or p-nitro toluene). Additionally, 
Co11 deactivates the Co111 catalyst. Both drawbacks can be suppressed by using a co­
catalyst. Manganese is less active in the above described reactions but addition of Mn2+ 
improves the selectivity of the catalyst. For an extensive discussion of the oxidation of 
alkylaromatic compounds the reader is referred to Fischer and Rohrscheid.9
The influence of substituents in the aromatic ring of the substrate on the rate of 
oxidation is well studied.9 In general, electron rich substrates are easily oxidized whereas 
electron poor aromatic compounds are less active. The scale of activating, neutral and 
deactivating substituents is in line with the Hammett o+ coefficient for para-substituted 
toluenes, and the oxidation reaction has a negative p value. A remarkable difference in 
activity is found between ortho-substituted and meta- and para-substituted toluenes with 
identical substituents. For example, m- and p-nitrotoluene can be oxidized to the 
corresponding benzoic acid, but o-nitrotoluene is almost inert. This is due to the so-called 
ortho-effect; the highly reactive benzylic radical reacts faster with its own ortho 
substituent than with dioxygen.9
Oxidation o f  heteroaromatic compounds
Oxidation products derived from methylpyridines are applied widely in the fine chemical 
industry. For example niacin (nicotinic acid, pyridine-3-carboxylic acid) and
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nicotinamide are both members of the Vitamin-B complex and are used as food 
additives.10 Furthermore, pyridine derivatives are used as starting materials in the 
synthesis of a wide variety of herbicides and pharmaceuticals (Scheme 1.4). For instance, 
3-picolinic acid is a starting material for chlorpyrifos (an insecticide) and nicorandil (a 
vasodilator). 4-Picolinic acid is used for the manufacture of isoniazid (a tuberculostat), 
imazapyr (a herbicide), terfenadine (an antihistamine), and nialamide (an 
antidepressant) .10 Dicarboxylic acids such as quinolinic acid (2,3-pyridinedicarboxylic 
acid) are used to produce imazapyr.
2-Methyl-5-ethylpyridine (MEP) is the most convenient starting material for the 
synthesis of nicotinic or picolinic acids. It is made from acetaldehyde and ammonia. 
MEP is then oxidized with nitric acid to the dicarboxylic acid which decarboxylates to 
pyridine-3-carboxylic acid.8’11 When a mixture of acetaldehyde and formaldehyde is 
used, a mixture of pyridine and 3-picoline is obtained. 2-Picoline is synthesized by 
reaction of acetone with acrylonitrile to give 5-oxohexanitrile which is subsequently 
cyclized and dehydrogenated to 2 -picoline.8’10’12’13
The oxidation of methylpyridines can be established easily with stoichiometric 
amounts of aqueous KMnO4 in good yields (67%),14’15 but this creates enormous 
amounts of byproducts (MnO2 and potassium salts). Other metal salts such as PdCl2,16 
Mn(OAc)2 and Co(OAc)217’18 in combination with an oxidant can be used, which gives 
reasonable yields of carboxylic acids, but these methods are all stoichiometric in metal 
salt making the processes too expensive. Alternative oxidation routes include selenium 
oxidation which, however, cannot be used on an industrial scale anymore, and 
electrochemical oxidation which requires high investments.19 A more interesting
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alternative is oxidation by ozone. A manganese catalyst can be used in this reaction to 
give 75-95% (iso)-nicotinic acid from 3- or 4-methylpyridine.20 If oxygen is used in 
combination with a cobalt catalyst at high temperature and pressure, the cobalt salt of 
picolinic acid is obtained from 2-methylpyridine.17’21 Another possibility to prepare 
pyridine carboxylic acids is oxidation of quinoline, whereby the non-heteroaromatic ring 
is broken down to two carboxylic acid groups. Decarboxylation of one of these groups 
gives the monocarboxylic acid if desired. Using hydrogen peroxide and a catalyst, 81% of 
2,3-pyridine dicarboxylic acid is obtained.22’23 With ozone, quinoline is converted into 
nicotinic acid in 100% yield. Furthermore, the ammoxidation of 3-picoline followed by 
hydrolysis to nicotinamide is worth mentioning, which was first applied by Degussa in 
1983 as an alternative to the direct oxidation to carboxylic acid.8 Finally, of interest is the 
Diels-Alder synthesis of pyridine carboxylic esters which is possible starting from 2-alkyl- 
acrolein as a diene and a maleic acid ester as a dienophile. No yields were reported in the 
literature for this reaction.20 For all the above methods the costs are unfavorable for 
application in an industrial process. Therefore, new methods for the oxidation of 
heteroaromatic compounds are still desirable.
1.1.4 Oxidation chemistry in the flavors and fragrances industry8
In the flavors and fragrances industry, oxyfunctionalizations are often used to prepare 
valuable products from natural starting materials. A good example is the manufacture of 
carvone from limonene. Carvone, which is a spearmint odor in foodstuffs, is for the 
larger part isolated from caraway seeds. The remainder (1000-1500 tons annually in 
199524,25) is produced synthetically from limonene with nitrosyl chloride as the 
stoichiometric oxidant (Scheme 1.5). An alternative route which is environmentally 
friendly and at the same time cheaper and more selective is highly desired (see Preface).
1.2 O x i d a t i o n  m e c h a n i s m s  a n d  r a d i c a l  c h e m is t r y
1.2.1 Radical chain reactions
Oxygen activation
O2, or dioxygen, may be considered the most important molecule for life. It is an ideal 
terminal oxidant in biological systems due to its high oxidation potential (E0 = +1.23 V
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for the 4-electron reduction to water, see e.g. Taube26 and Ingraham and Meyer27) which 
is accompanied by a high kinetic barrier to oxidation. For synthetic and industrial 
purposes O2 has two additional favorable characteristics: it has the highest active oxygen 
content of all oxidants (up to 100% using dioxygenases or their chemical equivalents as 
catalysts) and it is cheap and clean: in the ideal reaction system the only waste product is 
water. The kinetic barrier to oxidation is essential for life since without it, all organisms 
would be oxidized indiscriminately to carbon dioxide and water. At the same time, this 
poses difficulties to the use of dioxygen as an oxidant in synthetic systems as it must be 
activated for a substrate to react with it. The kinetic barrier is associated with the 
incompatibility of spin states: the O2 ground state is the 3£ triplet spin state whereas 
virtually all organic substrates have singlet spin ground states. O2, therefore, behaves as a 
diradical and reacts very fast with another molecule having unpaired electrons but not 
with a singlet (ground state organic) molecule.27 Alternatively, O2 can react with a singlet 
state molecule and produce a triplet-state product which, because of its instability, causes 
the kinetic barrier to oxidation with dioxygen to decrease. In a series of one-electron 
reductions (Scheme 1.6), dioxygen can be reduced to water. All aerobic oxidation 
reactions are based on one or more of these steps.
Autoxidation
A useful definition of autoxidation has been given by Sheldon and Kochi:6 
“Autoxidation is the oxidation of an organic compound with molecular oxygen, usually 
via a free radical chain process.” This reaction proceeds under relatively mild conditions 
and may be autocatalysed by its products, which occasionally gives rise to oscillating 
behavior.28 The chain process is described by the mechanism shown in Scheme 1.7.29 
The rate expression is given by equation 1.1 (with kp, k  and kt as in Scheme 1.7).
d[RH] d[02] , k  ,1/2 , ,
- = kJRH] (—^) u
dt d t p  2kt
The susceptibility of a substrate to autoxidation is defined by the ratio k /(2k t)1/2, 
referred to as the oxidizability (Ox) of a compound, which is independent of the rate of 
initiation. The oxidizability of many compounds has been determined,6’30 e.g. for
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cyclohexene, Ox = 2.3  ^ 103 M"2 s"2, for toluene, Ox = 0.01 • 103 M"2 s"2, and for 
benzaldehyde Ox = 290 • 103 M"2 s"2
Initiation of autoxidation chains can be accomplished by the addition of a 
compound that yields free radicals on decomposition at a substantial rate at the desired 
temperature. Some common effective initiators in order of decreasing activation energies 
are H2O2, i-butyl peroxide, azoisobutyronitrile (AIBN), and di-i-butyl peroxalate.
The rate-controlling step in autoxidation is usually hydrogen transfer from the 
substrate to the alkylperoxy radical (Scheme 1.7d) because the addition of dioxygen to an 
alkylradical (Scheme 1.7c) is diffusion controlled. The rate of the reaction, therefore, is 
correlated with the exothermicity of the reaction step in Scheme 1.7d, or with the 
difference between the bond energies of the involved bonds. Some bond dissociation 
energies are given in Table 1.2.31
Termination of the radical chain can occur when two radicals combine with 
formation of a non-radical product. A special case is the self-reaction of two alkylperoxy 
radicals to form a tetroxide (Scheme 1.8) .32’33 This reaction yields an alcohol and a 
ketone in a 1:1 ratio, and molecular oxygen. It is commonly referred to as the Russell 
termination. An alternative decomposition reaction has been given by Howard (Scheme 
1.9) .33 This gives only ketone, and hydrogen peroxide. Both decomposition pathways are
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Table 1.2 X-H Bond Dissociation Energies (BDE)
Compound BDE (kcal mol-1) Compound BDE (kcal mol"1)
«k«U 105 CH2=CH-H 104
Z-C3H7-H 99 t-BuOO-H 88
Î-C4H9-H 95 RC(O)-H 86
PhCH2-H 85 Br-H 87
initiation ■ 
RCHO ----- ► RCO
RCO + O2
O
RCO2- + RCHO
O
II
RCO2-
OII ■
RCO2H + RCO
(a)
(b) 
(c)
Scheme 1.10
ro2- + —c- c= c
2 I ■H
y
' \
Scheme 1.11
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abstraction
—C—C—C*
I I I 
H RO22
addition
only available to primary and secondary alkylperoxides. Tertiary peroxy radicals 
decompose to molecular oxygen and dialkylperoxides which are easily thermolysed. This 
explains the much lower rates of termination measured for tertiary alkylperoxy radicals.34
Aldehydes and olefins
Aldehydes are very easily autoxidized owing to their low bond dissociation energies 
(Table 1.2). The autoxidation of an aldehyde to a peracid is described in Scheme 1.10.6 
The acylperoxy radical (Scheme 1.10b) and peracid (Scheme 1.10c) are important 
products of this autoxidation since both are capable of oxidizing a substrate, including an 
alkene. Alkenes are oxidized by peroxyl radicals or acylperoxy radicals via abstraction of 
their allylic hydrogen atoms or via addition to their double bonds (Scheme 1.11). After 
addition, the p-alkylperoxyalkyl radical may decompose affording epoxide and an alkoxy 
radical, or it may react with oxygen to give polyperoxides. In autoxidation, allylic 
hydrogen abstraction is usually prevalent. Only in the case of a-methylstyrene 100% 
addition is observed.6 A co-oxidation, in which a mixture of two substrates is 
autoxidized, is practically useful when an olefin and an aldehyde are employed together.
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The acylperoxy radical intermediate from the easily oxidized aldehyde can be utilized as 
oxidizing agent for the olefin. Since acylperoxy radicals are more selective than 
alkylperoxy radicals in favoring addition relative to abstraction, high yields of epoxide 
can be obtained.
The formation of epoxides from the co-oxidation of olefins and aldehydes is 
shown in Scheme 1.12. The acylperoxy radical in Scheme 1.12a is obtained via 
autoxidation of the aldehyde. Equations a, b and c are all propagation steps. Scheme 
1.12d shows the peracid epoxidation of an olefin, of which m-chloroperbenzoic acid (m- 
CPBA) oxidation (R = 3-chlorophenyl) is an example. The radical oxidation steps 
usually occur without retention of configuration since two steps are involved. The 
peracid epoxidation occurs concerted and thus with retention of configuration. Lassila et 
al. investigated the co-oxidation of olefins with aldehydes in more detail35 and concluded 
that the complex formation and decomposition steps (Scheme 1.12a and b), and the 
subsequent decarboxylation step of the carboxyl radical (vide infra), are more likely to 
occur concertedly, which is thermodynamically more favorable.
As a part of the oxidation reactions shown in Scheme 1.12, acyloxy radicals are 
formed (Scheme 1.12b) which are not stable and decompose to give R- and CO2 with a 
rate constant of k  = 106-1010 s-1. The latter number depends on the stability of the formed 
radical, e.g. decarboxylation of an arylcarboxyl radical is about 104 times slower than of 
an alkylcarboxyl radical.31 The decomposition is exothermic by 14 kcal mol-1 and 
irreversible. On the contrary, the decarbonylation of an acyl radical, such as the one 
formed after hydrogen abstraction from an aldehyde to give R- and CO is endothermic 
(AH = +20 ~ +25 kcal mol-1) and reversible. The rate of formation of this alkyl radical 
and CO is about 104-105 s-1.
An early series of investigations on the autoxidation of benzaldehyde in the 
presence of alkenes was published by Wittig and co-workers.36-43 It was concluded 
(among many other things) that alkenes can enhance but also inhibit the autoxidation of
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benzaldehyde to benzoic acid, depending on the relative concentrations of the substrates. 
Later, many researchers investigated the co-oxidation of aldehydes with olefins. For 
example, Tsuchiya and Ikawa44 examined the mechanism of the epoxidation of 2-butene 
in the presence of benzaldehyde using a cobalt catalyst and concluded that the addition 
of the benzoylperoxy radical to the alkene is the main step of the reaction. Vreugdenhil et 
al.45 investigated the mechanism of the co-oxidation of octenes with benzaldehyde 
without a catalyst. They concluded that there are non-radical (peroxy acid oxidation) and 
radical oxidation routes and that the ratio of these two routes depends on the reactivity of 
the olefin and on the olefin/aldehyde concentration ratio.
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Bulk chemical industry mainly uses ‘classical’ heterogeneous catalyst systems based on 
metal oxides or supported metals which require harsh reaction conditions, e.g. high 
temperature and high pressure. Nowadays there is a trend towards milder reaction 
conditions. This fact and the increased demand of specialized fine chemicals at relatively 
low quantities has stimulated the quest for homogeneous catalysts, which can operate at 
ambient pressure and temperature and reach very high selectivities. Soluble transition 
metal complexes which are well-defined are suitable for this purpose and are used for the 
production of fine chemicals such as flavors and fragrances, food additives, and 
pharmaceuticals. In this section, the properties of some transition metal complexes that 
are relevant for this thesis (most notably nickel and cobalt) and some of the basic 
principles of transition metal catalysis are discussed.
1.3.1 Physical properties of nickel and cobalt complexes
The electronic configuration of Ni is 3d84s2, yielding a stable Ni11 oxidation state. The 
atomic weight of nickel is 58.71. It has five stable isotopes: 58Ni (67.76%),60Ni (26.16%), 
61Ni (1.25%), 62Ni (3.66%), and 64Ni (1.16%). The two abundant isotopes have no nuclear 
spin, 61Ni has a nuclear spin of 3/2 and is an important isotope for spectral 
investigations.47 The electronic configuration of cobalt is 3d74s2, and this atom readily 
looses 2 or 3 electrons giving stable Co11 or Co111 oxidation states. The atomic weight is 
58.93 a.u. which is very close to that of nickel. Remarkably, the only stable isotope 
(natural abundance 100%) is 59Co. The nuclear spin of this isotope is 7/2, giving rise to 
complicated EPR spectra.48
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Spectral properties50-52
Addison and Graddon,53 Cotton and co-workers54-61 and others49’62’63 have prepared and 
fully characterized the bright green complex Ni(acac)2 and several derivatives of this 
compound in the 1960’s. The crystal structure of Ni(acac)2 (Figure 1.1,49 R = H) revealed 
that the complex is a trimer. UV/Vis/NIR absorption spectra in various solvents of the 
red-colored derivative bis(3-benzylacetylacetonato)nickel(II) (R = benzyl in Figure 1.1)53 
display a maximum at 521 nm which is characteristic for a low-spin square planar 
species, and another maximum at 1170 nm and a shoulder near 650 nm which is seen in 
high-spin species. Similar spectra were observed for the derivatives with R = Me, Et and 
Bu. Thus, while in the solid state these complexes have the properties of low-spin species, 
in solution they display absorption spectra characteristic of a mixture of low- and high­
spin species.53 A different 3-substituted bis(acetylacetonato)nickel(II) complex with 
R = p-(tert-butyl)benzyl was synthesized later by our group.64 This complex is purple in 
the solid state and in chloroform solution and has a UV/Vis absorption band at 520 nm. 
Upon addition of a coordinating substance, e.g. an alcohol, pyridine or an aldehyde, this 
absorption band disappears and the solution turns green. With the eye, the difference 
between the trimeric, bright green Ni3(acac)6 and the hydrated monomeric 
Ni(acacV 2H2O is easily seen, however, the difference in absorption spectrum is 
negligible. In high-boiling non-coordinating solvents above 200° C the green Ni(acac)2 
trimer turns red, reverting to green again upon cooling.59 The optical spectra show the 
growth of a band at 540 nm characteristic of the monomer and the disappearance of the 
band at 650-660 nm, proving that the color change is a result of a shift of the trimer­
monomer equilibrium. 59
The solid, anhydrous complexes NiL2 (where L = an acetylacetonate derivative) 
are low-spin,53 however, in solution these complexes are in the a high-spin states. 
Equilibrium constants for the trimerization reaction 3NiL2 Ni3L6 are in the order of 
10 < Ka < 200 corresponding to a free energy change of AG ~ -3 kcal/mole, and an 
enthalpy change of AH ~ -7.5 kcal/mole per Ni-O bond. Addison and co-workers have 
concluded that the factors determining trimerization of bis(acetylacetonato)nickel(II) 
complexes include not only steric factors, but also electronic ones which influence the
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strength of the ligand field and thus induce a high-spin or low spin configuration. The 
more acidic ligands (pKa < 13.5) are reported to give high-spin trimeric complexes, 
suggesting that in these cases the major factor determining the properties of the nickel 
complexes is electronic. But as indicated by Addison and Graddon, this does not explain 
all their results, and steric factors are dominant in some instances.53
Other six-coordinate nickel(II) complexes are usually blue with the exception of 
the bright green hexaaquanickel ion. Three absorption bands are observed in the 
UV/Vis/NIR spectra, at 900-1000 nm, at 500-600 nm and around 400 nm. Five 
coordinate complexes of nickel(II) are well known and usually have a tridentate ligand 
with an N and/or a P donor, or an arsine donor. The fifth ligand often is a halide ion.65 
The geometry is flexible and may range from trigonal bipyramidal to square pyramidal. 
Four coordinate nickel(II) complexes may be square planar (as outlined above for acac 
ligands), or tetrahedral. Tetrahedral complexes are found with neutral ligands like 
phosphine, phosphine oxide or arsine, in combination with one or more halide ligands.65 
As a consequence of the d8 configuration, the square planar complex is the most stable 
geometry for nickel(II) complexes with four ligands65 since the planar ligand set causes 
one of the d  orbitals (dx2-y2 ) to be uniquely high in energy and the eight electrons can 
occupy the other four d  orbitals leaving this strongly antibonding one vacant, which is 
not possible in a tetrahedral configuration. Tetrahedral complexes are blue or green with 
transitions around 600-700 nm, planar complexes have absorption bands in the range of 
450-600 nm. It is obvious from all observed spectral data that it is difficult to determine 
the configurations of nickel(II) complexes from their absorption spectra.
The chemistry of nickel(III) complexes is dominated by nitrogen ligands, 
including amines, amino acids, azamacrocycles, amides and peptides and 
oximes.47’50’51’66 The same is true for nickel(IV) complexes, which are usually spin-paired 
and diamagnetic in contrast to the paramagnetic Nim complexes.47 Most nickel(IV) 
complexes are octahedral, such as ^[N iFaj. Eidsness et al.67 question the existence of a 
nickel(IV) species except as a formality, based on the observation of its complexes only 
with ‘non-innocent’ ligands, i.e. ligands that are capable of redox-activity by themselves. 
However, NiIV complexes with non-innocent ligands have been reported, see for example 
Steel et al.68 Recently, also nickel(III) complexes with combined amide-thiolate donor 
ligands,69 and with N2O2 Schiff base ligands were characterized.70 A problem in detecting 
Nim species is to prove that one is not dealing with a nickel(II)-stabilized ligand radical.71 
EPR spectroscopy is helpful here. Theoretical EPR spectra of low spin d7 Nim complexes 
predict two resonance features with g// = 2.002 and gi = 2.002-6X/AE(z2-xz,yz) where 
X is the spin-orbit coupling constant and E(z2-xz,yz) is the ligand-field splitting for a 
tetragonal d7 complex,50 which would be in line with a (d^ ) 1 ground state.51 Nickel(III) 
cyclam complexes with two axial ligands (octahedral symmetry) were indeed found to 
have a g i value around 2.20  and a g// value around 2.02  in reasonable agreement with 
theory. The observation that gi  is larger than g// is therefore often used as evidence for 
the presence of tetrahedral or octahedral Nim complexes. Square planar complexes
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usually display reversed splitting parameters, for example, for complexes with the general 
formula NiIIIL(MeCN)2, gi = 2.02 and g// = 2.2. UV/Vis spectra of nickel(III) 
complexes, which are dark green, have been found to display two characteristic features: 
a weak d-d  transition between 600-800 nm and an intense metal to ligand charge transfer 
band between 200-400 nm .50
Isolable nickel(I) complexes are rare, but some features are known.47’51’72’73 They 
are usually stabilized by cyanide, hydride, phosphine, arsine or acetylide ligands, or 
occur as dimeric structures with a metal-metal bond. Cyclooctadiene and cyclam 
complexes have also been found. The EPR analysis of NiJ (3d9) is more complicated than 
that of NiIII. Usually, g// > gi which suggests an axial ligand field with a (dx2-y2) ground 
state. However, nickel(I) species can also be diamagnetic due to coupling of the spins in 
the nickel-nickel bond in dimers.
Nickel(0) complexes have been found to be stabilized by ligands with strong n- 
acceptor properties such as CO, PR3 and P(OR)3. The extremely toxic, tetrahedral 
nickeltetracarbonyl Ni(CO)4 was the first Ni0 complex to be discovered, and is probably 
the most well known example of this class.47 Most Ni0 complexes favor a tetrahedral, 4- 
coordinate geometry and the chemistry is largely organometallic (involving mostly metal- 
carbon bonds).
Bis(acetylacetonato)cobalt(II) is very similar to Ni(acac)2 in the sense that it also 
forms oligomers in solution.61’65 However, for this compound the tetrameric form 
Co4(acac)8 appears to be the most stable configuration as opposed to the nickel(II) analog 
which forms trimers. Most Con complexes are high spin, and the octahedral, pink or 
purple form and the tetrahedral, deep blue form are very similar in stability. The UV/Vis 
spectrum of Co(acac)2 in chloroform solution displays a band at 292 nm; its configuration 
was not specified.61 The red shift of Vax of a series of bis(acetylacetonato)Mn complexes 
was taken as a measure of complex stability, on the basis of which the stability order: 
Cu>Ni>Co>Zn>Fe,Mn was derived.61 Cobalt displays a reasonably stable Com (3d6) 
oxidation state, the complexes of which are almost invariably dark green with a very 
strong band in the UV/Vis spectrum at 258 nm. Most cobalt(III) complexes are 
octahedral. An interesting feature of cobalt(II) complexes is their ability to bind oxygen, 
forming a Co(III)-superoxo or peroxo complex.
Magnetic properties
When unpaired electron spins are present, the complex is paramagnetic. The 
paramagnetic moment ^ is defined as: ^ = 2{S(S + 1)}2 ^ b where ^b is the Bohr 
magneton and S  is the spin quantum number. Each unpaired electron has spin quantum 
number % thus S  = n (n = the number of unpaired electrons), and ^ = {n(n + 2)}vVb. 
The spin-only magnetic moments ^/^b have been calculated74 for several numbers of 
unpaired spins. By comparison with the experimental values for the magnetic moment, 
the number of unpaired spins of a given complex may be determined and the electron 
configuration be assigned. For example, magnetic measurements on
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bis(pyridine)bis(acetylacetonato)nickel(n) (Ni(acac)2py2), which is octahedral, reveal 
magnetic moments of ^eff~3.0.53 Since Nin has a 3d8 configuration, in a octahedral field it 
has two unpaired electrons. This is consistent with the calculated spin-only value of 
= 2.83.46’74 Unfortunately, in the 3d8 case, no distinction can be made between 
strong field and weak field (high or low spin). The observed magnetic moment of 
octahedral nickel(II) complexes ranges from 2.9 to 3.4. A truly tetrahedral Nin should 
have ^/^b = 4.2 at room temperature, in practice, the complexes are slightly distorted and 
have ^/^b = 3.5 to 4.0. Planar complexes are always diamagnetic, most five-coordinate 
NiII complexes are low spin in the trigonal-bipyramidal configuration and, therefore, are 
also diamagnetic.47’65 Square-pyramidal Nin complexes are usually high-spin and 
paramagnetic. Low spin Nim complexes are paramagnetic with ^ B ~ 2.
Octahedral cobalt(II), as a high spin 3d7 ion, has three unpaired electrons. 
However, the orbital contributions to the magnetic moment are large which makes 
predictions as in the case of nickel more complicated.65 The magnetic moments p«ff of 
cobalt complexes range from 4.7 to 5.2 which is higher than predicted by theory.74 
Square planar cobalt complexes have magnetic moments ranging from 2.2 to 2.7.
R
*
1.4 T r a n s i t i o n  m e t a l  c a t a ly z e d  e p o x i d a t i o n 2-6,46,75-76
1.4.1 General
Epoxides can be converted into a wide variety of useful fine chemicals such as diols, 
allylic alcohols, ketones, poly ethers and others (Figure 1.2) and thus are valuable and 
versatile synthetic intermediates in fine chemistry. In this section, a number of transition 
metal catalyzed epoxidation reactions are reviewed. The mechanisms of metal catalyzed 
oxidations can be divided into three categories: metal-ion catalyzed oxidation 
mechanisms (e.g. the Wacker process), radical chain processes (e.g. autoxidation) and
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metal-centered oxygen atom transfer reactions (e.g. oxidation by cytochrome P450 and 
Mn(salen)). Epoxidation can proceed via either of the latter two mechanisms, depending 
on the metal ion and the oxidant. For example, using manganese or iron and hydrogen 
peroxide, epoxidation occurs via a metal-oxo complex which transfers its oxygen atom to 
the substrate. Using molecular oxygen as an oxidant, the epoxidation is usually, but not 
always, a radical chain process related to autoxidation.
Dioxygen can be reduced in a series of one-electron reductions to water as was 
shown in Scheme 1.6. Similarly, the interaction of metal complexes with dioxygen can 
lead to electron transfer from the metal species to the oxygen atoms giving superoxo and 
peroxo complexes with superoxide and peroxide ligands, respectively (Scheme 1.13).6 
Obviously, the peroxo complex-also called an n2 complex-will only be formed when two 
successive oxidation states of the metal are accessible, for example in the case of Co(I), 
Ir(I), Pd(0) and Pt(0). A third type of metal-oxygen complex is the oxo-complex, M=O, 
which is formed when a metal easily undergoes a two-electron oxidation. Examples are 
(among many others): Fe(III/V) in cytochrome P450, Mn(III/V), Mo(IV/VI) and 
W(IV/VI) .77 Once a superoxide radical is formed (either bound or free, Scheme 1.13a), it 
may be protonated (pKa = 4.7)31 to form its conjugate acid, the peroxyl radical HOO- .
The best known epoxidation procedure is peracid epoxidation by 
m-chloroperbenzoic acid, which is not metal-catalyzed. The mechanism is concerted (see 
Figure 1.3a) and still a topic of discussion.78 High-valent inorganic peracids such as 
peroxomolybdenum(VI) and many other metals are also capable of carrying out this 
reaction (Figure 1.3b), which in this case can be classified as a metal-centered oxygen 
transfer reaction. These peroxometals act as electrophilic oxygen sources. Many literature 
reviews are available on this subject.6’29’75
The second, direct oxidation by metal complexes is epoxidation by oxometal 
reagents, M=O. Well-known examples of stoichiometric oxidizing reagents are 
permanganate, chromic acid, and OsO4. Metalloporphyrins have been studied 
extensively as oxometal reagents for catalytic epoxidations. Initial work was carried out 
by Groves who reported the use of Fe(III)tetraphenylporphyrin (FeTPP) as an 
epoxidation catalyst with iodosobenzene as the oxidant.64’79 This work was aimed at
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mimicking cytochrome P450, a liver enzyme which is able to bind and activate molecular 
oxygen (vide supra).
1.4.2 Oxygen activation using aldehydes as co-reagents
Catalytic epoxidations
An important transition metal catalyzed epoxidation method which utilizes molecular 
oxygen as the ultimate oxidant has been reported in the literature. An electron donor is 
necessary to activate the dioxygen, for which H2-Pt, borohydrides, NADPH, ascorbic 
acid or aldehydes can be used (among others). An overview of the literature up to 1989 of 
transition metal catalyzed epoxidations with various oxidants, is given by Jorgensen.80 
Since then, the field has expanded greatly, and we confine ourselves mainly to the studies 
on aerobic epoxidation using an aldehyde as co-reactant. Mukaiyama81-86 has developed 
the O2/transition metal/aldehyde epoxidation system which is usually referred to as the 
Mukaiyama epoxidation system. It can be classified as a radical chain process related to 
autoxidation (cf. page 27).
The first papers by Mukaiyama in the beginning of the 90’s dealt with the 
epoxidation of substituted alkenes such as 2-methyl-2-decene using O2 and 
1,5-disubstituted acetylacetonate complexes of nickel(II) and oxovanadium(IV), in 
combination with butanol as a cocatalyst.87’88 Yields up to 67% were obtained at full 
conversion of alkene at 100° C and 3-4 bars of O2. Functionalized alkenes such as di-aryl 
substituted or cyclic alkenes could also be epoxidized. Shortly after, the same authors 
reported a much milder system for the epoxidation of alkenes using aldehyde instead of 
alcohol as a co-catalyst.83 With bis(acetylacetonato)nickel(II) complexes, O2, and a 
branched, aliphatic aldehyde, a wide range of alkenes, including alkene-ethers, cyclic 
alkenes, aryl substituted alkenes, and steroids were epoxidized with yields up to 100% at 
ambient temperature and pressure. Using a bis-oxamato ligand to complex the nickel(II), 
an aerobic epoxidation catalyst was obtained which gave up to 95% of stilbene epoxide 
using pivaldehyde as a co-reactant.89 Cobalt(II) Schiff bases as catalysts also gave good 
results with cyclic ketones90’91 or aldehydes90’92-94 as co-reagents. These catalytic systems 
were not always selective for epoxidation, but yielded products derived from allylic 
oxidation as well.95-98 Using bromide as an additive, cobalt acetate was also capable of 
catalyzing the aerobic oxidation of limonene and other terpenes to yield acetates and 
allylic oxidation products.99
Iron(III) ,82’84’100 copper(II) ,101 and manganese84’85’102-106 complexes are also active 
in the Mukaiyama epoxidation of alkenes. Using salen-type Mnm complexes, 
enantioselective epoxidation could be accomplished with ee’s up to 92%. An interesting 
new development is the use of perfluorinated solvents in combination with manganese 
complexes in aerobic epoxidations.107-110 Yields up to 86% of e.g. styrene epoxide were 
obtained. Furthermore, supercritical carbon dioxide can be used as a solvent medium in 
combination with iron or molybdenum catalysts. In this case the produced compounds
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are mainly allylic oxidation products.111’112 An extended review of manganese-catalyzed 
oxidations using various complexes and oxidants is given in a recent thesis.2
Epoxidation using solid catalysts
Laszlo and co-workers113’114 have studied the Mukaiyama epoxidation with a 
nickel(II) impregnated clay as a catalyst. Using this procedure, the epoxidation yields 
were slightly lower than those carried out with the soluble catalysts. Kaneda115 reported 
that this epoxidation can also take place at 40° C without the metal catalyst (but with the 
aldehyde) present, giving reasonable to quantitative yields of reaction product. In 
contrast to the metal-clay catalyzed reaction, linear aldehydes such as acetaldehyde could 
be used as co-catalysts besides branched aldehydes. Moreover, the oxygen transfer step 
appeared to proceed in a concerted fashion since cis-2 -octene epoxide was obtained 
exclusively from cis-2-octene. This is in contrast with the Mukaiyama system where in 
most cases loss of stereochemistry occurs when a nickel catalyst is used.
Anchoring homogeneous catalysts to a support in order to obtain selective and re­
usable heterogeneous catalysts is a popular research topic. Also aerobic epoxidation 
catalysts have been used for this purpose. For example, zeolite encapsulated cobalt 
salen,116 phthalocyanine and salophen complexes117 have been used in the aerobic 
oxidation of alkenes. In all cases, allylic oxidation was observed. Catalysts can also be 
anchored in the zeolites by ion exchange, yielding, for example, cobalt or manganese 
substituted molecular sieves which catalyze the aerobic oxidation of alkanes.118 A review 
of zeolite encapsulated metal complexes as catalysts for oxidation reactions is given by 
Balkus et al.119 Polyoxometalates have also been studied as epoxidation catalysts in 
combination with molecular oxygen.120-127 These systems were developed by Neumann; 
they do not yield large amounts of epoxides, instead, allylic oxidation is observed. In 
contrast, Kholdeeva et al.126’127 have described cobalt, palladium, and titanium 
substituted heteropolytungstates which yielded stilbene epoxide in yields up to 93%. 
Mizuno124 and Hamamoto125 have also reported on substituted heteropolyoxometalate 
catalysts which likewise gave good epoxide yields and selectivities.
Baeyer-Villiger oxidation
Related to the Mukaiyama epoxidation is the oxidation of cyclic ketones to give the 
corresponding lactones, a reaction which is called the Baeyer-Villiger oxidation. 
Hydrogen peroxide or an organic peroxide (e.g. m-CPBA) are traditionally used as the 
oxidants.128’129 Recently, efforts have been made to replace the potentially hazardous 
peroxides with safer oxidants. A possibility is the use of molecular oxygen and aldehydes 
as studied by Mukaiyama et al.130’131 The method with nickel(II) as a catalyst was 
claimed to give better yields of lactones (33-99%) than a method which was mentioned in 
patents earlier (70-86% selectivity at 3-30% conversion) .130 Bolm et al. have used several 
copper(II) and nickel(II) catalysts in the Baeyer-Villiger oxidation of 4-methylcyclo- 
hexanone to give yields of the lactone ranging between 46 and 94% .132 A chiral Cu
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complex derived from a chiral oxazoline was used in the enantioselective Baeyer-Villiger 
oxidation with ee’s up to 95% .133 Using Fe2O3 as a catalyst, Li et al. have synthesized 
s-caprolactone from cyclohexanone with yields up to 97% using benzaldehyde as a co­
reagent.100’134 Kaneda has shown that a series of cyclic and aliphatic ketones can be 
oxidized to the corresponding lactones and esters with molecular oxygen as an oxidant 
and an aldehyde. No metal catalyst was required in this case.135
1.4.3 Cytochrome P450 and metalloporphyrin systems
An important naturally occurring catalytic system which carries out oxidation reactions 
with molecular oxygen is the cytochrome P450 enzyme system. Cytochrome P450 is a 
monoxygenase which catalyzes different reactions including C-H bond oxidation, 
epoxidation and de-alkylation. It is found in many biological sources including the 
bacteria Pseudomonas putida and the liver microsomal system where it plays a role in 
detoxification of e.g. drugs, pesticides and carcinogens.136 The name P450 was given after 
it was discovered that the enzyme binds CO which leads to a strong band in the UV-Vis 
spectrum at 450 nm .137 The active site of the enzyme contains a heme iron(III) with one 
cysteine and one water or hydroxide as axial ligands. While there is still discussion about 
the separate steps (e.g. see Toy et al.138), consensus exists over the general catalytic cycle 
for monooxygenations which is shown in Scheme 1.14.139 For C-H bond oxidations, a 
so-called oxygen rebound mechanism has been proposed; for epoxidations the picture is 
less clear and other mechanisms have been advocated.136’140 It is of interest to note that 
cytochrome P450 can also handle other oxidants than molecular oxygen, e.g. 
iodosobenzene, sodium or lithium hypochlorite, alkylhydroperoxides and hydrogen 
peroxide, which are all so-called single oxygen donors.137’139
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Cytochrome P450 has inspired many scientists to develop artificial catalytic 
systems based on metalloporphyrins. By far the most used metals in these porphyrins are 
iron and manganese, followed by cobalt and chromium .141 Using 
Mnmtetraphenylporphyrin (MnmTPP) and sodium hypochlorite, styrene, stilbene, 
cycloalkenes and aliphatic alkenes can be epoxidized in good to excellent yields.137 
Chromium and cobalt porphyrins and non-heme transition metal complexes are much 
less active in combination with this oxidant. An exception is Ni(salen) which in 
combination with NaOCl yields 84-89% of p-methylstyrene epoxide.141 Remarkably, 
nickel porphyrins are completely inactive in this reaction.
Using the combination of iodosobenzene (PhIO) and FemTPP, 79% of cyclohexene 
epoxide is obtained from cyclohexene with only 21% of allylic oxidation,137 and 
cyclohexadiene is converted to 93% of monoepoxide.141 Manganese porphyrins in 
combination with PhIO also mainly yield epoxides. The epoxidation reaction is 
stereospecific with cis-alkenes giving only czs-epoxides. The rates are higher than those 
measured for the oxidant m-CPBA which epoxidizes cis- and trans-alkenes at equal rates. 
It is generally accepted that in the case of a C-H bond oxidation, a concerted oxygen 
transfer step takes place from an intermediately formed metal-oxo species to the 
substrate.137
With iron, manganese or cobalt porphyrins, oxygen can be used as the oxidant, 
although an electron source is necessary, such as H2-Pt, borohydrides, NADPH, ascorbic 
acid or an aldehyde (see also the previous section). In most cases allylic oxidation 
products are formed, however, under certain conditions epoxides can be obtained in high 
yields. For example, cyclohexene epoxide can be obtained in 93% yield with Mn(TPP)Cl 
and O2/H 2-colloidal platinum with addition of A-methylimidazole as an axial ligand.141 
An imidazole ligand is also useful when a manganese porphyrin catalyst is combined 
with hydrogen peroxide as oxidant. The oxidation of cyclooctene with this system 
provides up to 100% yield of the epoxide. As an example of a study carried out in our 
group, a system has been developed for epoxidation reactions using molecular oxygen as 
the oxidant. A Mn(TPP)Cl catalyst was used in combination with a RhIII complex and in 
the presence of formate ions in a two phase (water-1,1,1-trichloroethane) system with a 
phase-transfer catalyst. a-Pinene could be selectively oxidized to the corresponding 
epoxide.142 More recently, a modified manganese phorphyrin was combined with an 
amphiphilic Rh complex and A-methylimidazole in vescicles to obtain a catalytic system 
which epoxidizes styrene and a-pinene selectively using molecular oxygen as the final 
oxidant.143-145
These examples illustrate the wide variety of oxidation reactions that can be 
catalyzed by metalloporphyrin complexes. Many reviews of these systems have been 
published.139-141’146-149
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Catalytic aerobic epoxidations - scope and 
limitations
Summary
The scope of the aerobic epoxidation of alkenes with substituted p-diketonate-transition 
metal complexes as catalysts and aldehydes as co-reactants has been explored. Results 
found in the literature and earlier results from our group have been combined with new  
studies. P-Diketonate complexes o f nickel(II) prove to be among the best catalysts for this 
reaction, mainly because they are highly selective toward the formation of epoxide. It is 
shown that aldehydes are essential for the reaction to occur; alcohols cannot replace 
them. For the epoxidation of terpenes, a combination comprising bis(diacetyl- 
acetonato)nickel(II), isobutyraldehyde and oxygen in dichloromethane appears to be the 
most effective catalytic system. For use in fine chemical applications, however, this 
system is still rather expensive because an excess o f aldehyde is needed.
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Scheme 2.1
2 .1  I n t r o d u c t i o n
Mukaiyama1-6 and others7-10 have reported that molecular oxygen can be used as the 
terminal oxidant in the epoxidation of alkenes with an aldehyde or primary alcohol as 
co-reactant and a metal p-diketonate as catalyst (Scheme 2.1). The first papers which 
appeared in the beginning of the 90’s dealt with the epoxidation of substituted alkenes 
such as 2-methyl-2-decene by oxygen with the aid of 1,5-disubstituted acetylacetonate 
complexes o f nickel(II) and oxovanadium(IV), and butanol as co-reactant.11,12 Yields up 
to 67% were obtained at full conversion of the alkene at 100° C and 3-4 bars of O2. 
Functionalized alkenes such as di-aryl substituted or cyclic alkenes could also be 
oxidized. Shortly after, Mukaiyama and co-workers reported much milder conditions for 
the epoxidation of alkenes using an aldehyde as a co-reactant instead of an alcohol.3 
With bis(acetylacetonato)nickel(II) complexes, O2 and an aliphatic, branched aldehyde as 
the epoxidation system, a large range of alkenes, including alkene-ethers, cyclic alkenes, 
aryl substituted alkenes, and steroids were epoxidized with yields up to 100% at ambient 
temperature and pressure. Cobalt(II) Schiff bases as catalysts also gave good results with 
cyclic ketones13 or aldehydes14,15 as co-reagents but these systems were not always 
selective for epoxidation, and yielded products derived from allylic oxidation as well.16-19 
Also iron(III)2,4 and manganese4,5,20-24 complexes were found to be active. Using 
salen-type Mnm complexes enantioselective epoxidation could be accomplished with ee’s 
up to 92%.
Laszlo and co-workers25,26 have studied the same type of reactions but as a 
catalyst they used nickel(II) impregnated clays. With this procedure, they obtained 
epoxidation yields which were slightly lower than those obtained with the soluble 
catalysts. Around the same time Kaneda27 reported that the epoxidation can also take 
place without the metal catalyst but with the aldehyde present at 40° C, giving reasonable 
to quantitative yields of epoxide. In contrast to the metal-catalyzed reaction, which 
requires branched aldehydes as co-reagents also linear aldehydes such as acetaldehyde 
were active. Moreover, the reaction appeared to proceed concertedly since 
cis-2-octene epoxide was obtained exclusively from cis-2-octene whereas Mukaiyama 
reported loss of stereochemistry for this reaction using a nickel catalyst.
While the above examples show that there is a great interest in aerobic epoxidation 
reactions using the Mukaiyama catalytic system, there is a lack of systematic studies into 
the scope of the method with respect to possible applications in industry. In this chapter, 
many variations of the ‘Mukaiyama’ system are studied to give an overview of the scope 
of this system for application in, for example, the flavors and fragrances industry. Thus,
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R' R'
a R = H, R' = CH3:
b R = H, R' =p-methoxyphenyl
c R = p-(f-butyl)benzyl, R' = Ch3
d R = benzyl, R' =CH3
e R = p-methoxybenzyl, R' =CH3
f  R = p-nitrobenzyl, R' =CH3
g R = p-fluorobenzyl, R' = CH3
h R = ethyl, R' = CH3
i R = H, R' = CF3
Chart 2.1
different metal complexes are compared, a variety of functional groups in the alkene 
molecule are tried for compatibility with the catalytic system, different co-reactants are 
studied, and reaction conditions are varied, all with an emphasis on nickel catalyzed 
reactions. In addition, costs are compared for some of the best combinations of reactants.
2 .2  E p o x i d a t i o n  o f  a l k e n e s
2.2.1 Scope o f the epoxidation reaction
A number of unfunctionalized substrates were tested in the epoxidation reaction using 
the ’Mukaiyama’ conditions and N iII-1c (Chart 2.1) as the catalyst.28 The results are 
collected in Table 2.1 (on page 49). Substituted alkenes, especially a-pinene, limonene 
and norbornene gave very good yields and excellent selectivities (93-96%), as was 
expected based on other studies (see for example Yamada3 and Fdil10). Doubly and 
mono-substituted alkenes such as czs-stilbene, P-pinene, irans-P-methylstyrene and 
camphene, except styrene, gave poor yields of epoxides between 23% (P-pinene) and 61% 
(camphene) but high selectivities (83-92%). None of these substrates gave detectable 
amounts of either allylic alcohol or ketone, nor were the products of oxidation-reduction 
hydration observed, i.e. alkane, saturated ketone, and alcohol. Cobalt is reported to be a 
good catalyst for this oxidation-reduction hydration process, in which an oxidant, O2, 
and a reductant, i-propanol, oxidize an alkene to a saturated alcohol, with formation of 
water and acetone.29 In this hydration reaction, oxidation (by oxygenation) and 
reduction (by hydrogenation) proceed at the same time. Furthermore, cyclohexene was 
epoxidized very selectively, but after 4 hours the conversion was still low. Being a 
sensitive substrate for allylic oxidation this alkene was studied in more depth to 
determine the ratio of epoxidation to allylic oxidation. It appeared that under the 
appropriate reaction conditions, cyclohexene could be oxidized with 99% conversion and 
with 74% yield of epoxide using Ni(acac)2 as the catalyst. The results of this study are 
reported in detail in Chapter 3.
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Table 2.1 Epoxidation of unfunctionalized alkene substrates1
Entry Substrate Conversion
(%)
Yield 
(epoxide, %)
Selectivity
(%)
1 a-Pinene 93 86 92
2 ß-Pinene 27 23 85
3 S-Limonene )_o_ 77 72 94
4 Norbornene 100 96 96
5 Styrene CT 98 79 81
6 trans-ß-Methylstyrene 51 47 92
7 Camphene Ac 68 61 90
8 Allylbenzene 16 12 75
9 czs-Stilbene 41 36 88
10 trans-Stilbene 6 5 83
11 Cyclohexene O 49 45 92
12 l-Octene 23 19 83
a Reaction conditions: 0.1 mol l-1 alkene. 0.3 mol l-1 isobutyraldehyde, l.0^  10'3 mol l-1 catalyst Nin-1c, 
5.0 ml CH2Cl2, 1.0 bar O2, 25° C, 4 hrs.
A  number of functionalized alkenes were also tested as substrates for epoxidation 
with the present system (Table 2.2). It is clear that alkenes containing ester, ether and 
ketone functions can be easily epoxidized (entries 1 through 3). The regioselectivity in the 
case of carvone was exclusively endocyclic, as it was in the case of S-limonene (see Table
2.1), i.e. the double bond of the cyclohexene ring is epoxidized and not the isopropenyl 
double bond. 3-Butenol (Table 2.2, entry 4) could not be epoxidized, instead a mixture of 
products was obtained. It is interesting to note that carveol was not epoxidized at room
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Table 2 .2 Epoxidation of functionalized alkenesa
Entry Substrate Main
product
Conv.
(%)
b 
. 
) 
l. 
) 
e
%
 
S
(
Ref.c
1 Carvone u j- 1,2-Epoxide 100 70 10
2 Citronellylacetate .  6,7-EpoxideOAc 100 88
3
4
2-Methyl-
6-methoxy-
2-heptene
3-Buten-1-ol
Epoxide
Mixture
n.d.
40
95
0
1
5 Cinnamaldehyde 0 " ^ CHO
Benz­
aldehyde
50 0
6 Indene Co 2-Indanone 100 0
7
1,2-Dihydro­
naphthalene CO Epoxide 9 52 30
8 Iminostilbene
H
-- 0 0
a Reaction conditions: 5 ml CH2Cl2, 0.2 mol l-1 substrate, 0.6 mol l-1 isobutyraldehyde, 25.0° C, balloon of 
O2, 2- 10-3 mol l-1 of Nin-1a, 24 hrs. b Selectivity for epoxide. c This work, unless otherwise indicated.
temperature (no conversion was observed), but at high pressure and temperature carvone 
was obtained (vide infra). Substrates with two double bonds (entries 1, 2) were epoxidized 
at the most substituted double bond (1) or at the least electron rich double bond (2) with a 
regioselectivity of >95%. Cinnamaldehyde gave only benzaldehyde and a small amount 
of benzoic acid (entry 5). indene was not epoxidized (entry 6), but instead a small 
amount of 2-indanone was obtained (14%) besides many unidentified products. 
Dihydronaphthalene was epoxidized (entry 7), but only very slowly. Finally, an amine 
(entry 8) did not show any conversion. The last three substrates are probably too electron 
rich for reaction, the lack of reactivity being in agreement with the trend observed in 
Table 2.1. In addition, iminostilbene contains a secondary amine which hampers 
epoxidation. N ot many studies have been published in the literature dealing with nickel- 
catalyzed epoxidations of functionalized substrates, but some examples with other metals 
are known, e.g. using cobalt(II), arylamide functionalized alkenes were epoxidized.16-19 
In this case, however, mainly the alcohol was obtained (38%), with some ketone and 
hydrogenated product. In another study,15 the epoxidation of bishomoallyl alcohols was 
reported using a cobalt(II) catalyst and an acetal as co-catalyst. Also with Fem complexes 
unsaturated alcohols have been epoxidized in good yields.2
50 Chapter 2
Table 2.3 Epoxidation of a-pinene and S-limonene with a variety of metal 
catalysts.
Catalyst Conversiona
(%)
Selectivity
(%)
Ref.b Conversionc
(%)
Selectivity
(%)
Ref.b
Substrate: a-pinene
Ni(II)acac2 100 91 28 100 93 10
Co(II)acac2 0 0 97 91 10
Pd(II)acac2 <1 - 28 12 0 10
Mn(II)acac2 99 62 28 n.d. n.d.
Fe(III)acac3 25 88 28 99 89 10
Mn(III)acac3 n.d. n.d. 100 93 10
Ni(II)OAc2 80 79 28 n.d. n.d.
Co(II)OAc2 100 87 28 n.d. n.d.
Mn(II)OAc2 48 77 28 n.d. n.d.
Fe(III)OAc3 31 0 28 n.d. n.d.
Substrate: S-limonene
Ni(II)acac2 70 93 33 100 81 10
Co(II)acac2 92 80 33 n.d. n.d.
Pd(II)acac2 <1 - 33 n.d. n.d.
Mn(II)acac2 4 -d 33 n.d. n.d.
Fe(III)acac3 69 87 33 n.d. n.d.
Ni(II)OAc2 48 92 33 n.d. n.d.
Co(II)OAc2 87 89e 33 n.d. n.d.
Ni(II)dmp2f 74 86 33 n.d. n.d.
Co(II)dmp2f 71 89 33 n.d. n.d.
a Reaction conditions: 0.1 mol l-1 alkene, 0.3 mol l-1 isobutyraldehyde, 1.0- 10-3 mol l-1 catalyst, 5.0 
ml CH2Cl2, 1.0 bar O2, 25° C, 4 hrs. b This work, unless otherwise noted. c Reaction conditions:10 
alkene (8 mmol), isobutyraldehyde (24 mmol), catalyst (0.16 mmol) in 5.0 ml CH2Cl2, bubbling 
of O2 through the solution. d After 24 hrs. e After 1 h. f Hdmp = 1,5-di( -^methoxyphenyl)- 
acetylacetone 1b.
In summary, using nickel(II)-p-diketonate catalysts and an aldehyde as co­
reagent, unfunctionalized linear, cyclic or aromatic alkenes, and ether, ester or ketone 
functionalized alkenes can be epoxidized. N o nickel(II) catalyzed ‘Mukaiyama’ 
epoxidations of alkenes bearing amide, amine or aldehyde substituents are known. Using 
cobalt(II), also hydroxyfunctionalized alkenes can be epoxidized in addition to the 
alkenes mentioned above. Alkenes with electron rich double bonds are less reactive than 
alkenes with electron poor double bonds.
2.2.2 Various metal complexes as catalysts
Two extensive studies on the epoxidation of terpenes with several transition metal 
P-diketonate complexes were published recently, one by Fdil e ta l.,w  and one by our
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group.28 The results of these studies are collected in Table 2.3. Some metal acetate salts 
are included in this table for comparison. Remarkable are the large differences in 
activities found for some catalysts, viz. the epoxidation of a-pinene with CoII(acac)2 and 
with FeIII(acac)3 which were found to be efficient by Fdil10 but did not give good results 
in our hands. In some cases, the ‘Mukaiyama’ epoxidation reactions are known to be 
accompanied by variable, long induction periods, which may be the cause of this 
difference. For example, a catalyst may be designated ‘inactive’ if it does not establish 
any reaction after 24 hours. However, the induction time may be more than 24 hours and 
thus a wrong conclusion is drawn. It is also noteworthy in this respect that Nam et al.31>32 
found nickel cyclam type complexes to be inactive in their epoxidation reactions. These 
cyclam complexes were shown to reduce the generated acyl peroxy radical, which is 
presumed to be the active oxidizing species, to the peroxy anion which is inactive as an 
oxidant. Other activity differences, e.g. in the epoxidation of S-limonene with N iII(acac)2, 
can be traced back to different reaction conditions. In this case bubbling oxygen through 
the reaction mixture as Fdil et al.10 have done, gives a faster reaction than flushing the gas 
over the solution as is our general procedure. In addition, reactant concentrations and 
slight differences in temperature may have an effect on the rate of the reaction.
Blank reactions were performed using no metal catalyst. At room temperature and 
ambient pressure, the epoxidation of S-limonene did not start at all, even after days. 
Adding a small amount of a peracid, for example 1 mol% of m-CPBA, gave epoxidation 
although much slower and less selective than with a metal catalyst. In contrast, the 
uncatalyzed epoxidation of cyclohexene started after a variable induction period. After 
22 hours conversion was complete and cyclohexene epoxide was formed. More details 
are given in Chapter 3.
2.2.3 Electronic and steric effects28 33
In order to study electronic effects, a new series of 3-substituted nickel(II)-p-diketonate 
complexes (NiII-1a-h) was synthesized and tested as epoxidation catalysts. The results for 
the epoxidation of a-pinene are shown in Table 2.4 (page 53). As can be seen in this table 
there is a small but significant effect on the turnover rate of a-pinene by the catalyst when 
the para-position of the benzene ring of the nickel complex is altered. Substitution of the 
benzene ring with an electron withdrawing nitro group (entry 6) yields a catalyst with a 
relatively high turnover frequency (39) when compared to the 11 turnovers found for the 
catalyst which is unsubstituted at the aromatic ring (entry 4). Remarkably, the catalyst 
substituted with an electron rich methoxybenzyl group (entry 5) gives a high turnover 
frequency as well (32). According to Addison and Graddon34 the acidity of the ligands 
has an influence on the charge density on the nickel center and therefore on the 
properties of the complex, but steric factors seem to be equally important for the 
geometry of the ligands. In some cases steric factors determine the preference for the 
high-spin or low-spin configuration, in other cases the properties of the complex can be 
attributed to electronic factors. From our experiments it is not clear what the influence of
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Table 2 .4 Epoxidation of a-pinene catalyzed by substituted 
nickel(II)-ß-diketonate complexes.a
Entry Complex
Ni(II)-1
R R’ TOF (h-1) b
1 a H CH3 15
2 b H p -methoxyphenyl 19
3 c p(t-butyl)benzyl CH3 2 1
4 d benzyl CH3 11
5 e p-methoxybenzyl CH3 32
ó f p-nitrobenzyl CH3 39
7 g p-fluorobenzyl CH3 24
S h ethyl CH3 S
9 i H CF3 1
a Reaction conditions: 0.1 mol l-1 alkene, 0.3 mol l-1 isobutyraldehyde, 1.0- 10-3 mol l-1 
catalyst, 5.0 ml CH2Cl2, 1.0 bar O2, 25° C, 4 hrs. b Estimated error: 5%.
geometry or charge density is on the catalytic properties of the nickel complexes. 
Apparently, electronic effects play a small role in the reaction catalyzed by nickel(II) 
complexes of 1. Steric effects are not very important either, since the trimeric octahedral 
Ni(acac)2 1a has an activity comparable to that of the purple, monomeric square planar 
1c.
2.2.4 Aldehydes as co-reactants28 33
The reactivity of a variety of aldehydes as co-reactants (RCHO in Scheme 2.1) in the 
epoxidation reaction was tested under standard conditions using a-pinene as a substrate. 
Straight-chain and branched aldehydes such as pivaldehyde (6 8 % a-pinene epoxide after 
4 hrs.) and isobutyraldehyde (8 6 % epoxide) were the most active co-reactants. A  long- 
chain aliphatic aldehyde was slightly slower in co-catalyzing the epoxidation reaction 
(Table 2.5, page 54, entry 3), however, S-limonene w as used as a substrate in this 
experiment which makes a comparison difficult. Aromatic or conjugated aldehydes such 
as benzaldehyde and cinnamaldehyde were completely inactive under the reaction 
conditions. Investigations into a heterogeneous epoxidation system by Laszlo and co­
workers,25 using kaolinite as the catalyst and an aldehyde in the presence of O2, yielded 
similar aldehyde reactivities. A  cyclic aldehyde (entry 10) was reported to act as a co­
reactant in this reaction but induced only slow epoxidation under increased air pressure 
(1 0  bar) .26
2.2.5 A lcohols as co-reactants
According to some early reports on the Mukaiyama catalytic system , 11,12 it is possible to 
replace the co-reacting aldehyde by an alcohol, which is used as the solvent. After 
oxidation, the co-product of the reaction is a ketone. Since one o f the aims of this study
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Table 2.5 Reactivity of various aldehydes as co-reactants in the 
epoxidation of a-pinenea
Entry Aldehyde Yield 
(epoxide, %)
Selectivity 
(epoxide, %)
1 Isobutyraldehyde 86 92
2 2, 3 -Dimethy lvaleraldehy deb 63 96
3 2-Methylundecanalb,c 52 68
4 Pivaldehyde 68 n.d.
5 Butyraldehyde 5 n.d.
6 Acetaldehyded 2 n.d.
7 Propionaldehyde 2 n.d.
8 Benzaldehyde 0
9 Cinnamaldehyde 0
10 Cyclohexanecarboxaldehydee 26 n.d.
11 Crotonaldehyde 0
a Reaction conditions: 0.1 mol l-1 alkene, 0.3 mol l-1 isobutyraldehyde, 1.0- 10-3 mol l-1, 
catalyst NiII-1c, 5.0 ml CH2Cl2, 1.0 bar O2, 25° C, 4 hrs. b Substrate: S-limonene. 
c 7 Bar O2 pressure in an autoclave system (see Experimental section). d Due to its 
low boiling point, the reaction with this aldehyde was carried out at 15° C. 
e Reaction conditions:26 cyclohexene (5 mmol), aldehyde (10 mmol), kaolinite (25 
mg), CH2Cl2 (10 ml), compressed air (10 bar).
was the development of an efficient route for the synthesis of carvone from limonene (see 
Preface), it was of interest to see whether carveol (which is the corresponding alcohol) 
could act as a co-reagent in the epoxidation of limonene. This then would lead to a very 
efficient production process (Scheme 2.2).
Carveol and a series of other alcohols were tried at room temperature under 
standard conditions, but no reaction was observed. At 110° C and 5 bar of O2 pressure a 
reaction took place, and epoxide was formed. In Table 2.6 (page 55) the results of a 
number of epoxidation experiments carried out at this temperature and pressure using 
different alcohol co-reactants are collected. It can be seen that in all cases the conversion 
of alkene is low, around 40%, and that the yields of product and the selectivities to 
epoxide are of no practical interest. Remarkable is the conversion and selectivity of the 
reaction in the absence of a co-reactant: these are much higher than with an alcohol 
present (Table 2.6, entry 7). When the alcohol instead of toluene was used as the solvent, 
no reaction took place at all. The alcohol appears to hinder the reaction rather than 
promote it. When carveol was added, indeed some was carvone found as an oxidation 
product (approximately 15% yield), but this result is interpreted as being a direct 
oxidation of the alcohol, and not a co-catalytic effect of this reagent on the epoxidation. 
Feeding only carveol as a substrate in the reaction vessel with no other co-reactant 
present and only nickel gave some carvone. It is clear that the yields shown in Table 2.6 
are too low to be of practical value, and that no beneficial effect of alcohol is found.
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Scheme 2.2
Table 2.6 Epoxidation of limonene with various alcohols as 
co-reactantsa
Entry Co-reactant Conversion Yield 
(epoxide, %)
Selectivity 
(epoxide, %)
1 ethanol 45 8 17
2 1-butanol 42 7 17
3 1-octanol 45 15 33
4 2-butanol 21 5 23
5 i-butanol 44 7 16
6 carveol 38 7 19
7 none 72 46 63
a Reaction conditions: 5 ml of toluene, 5 mmol of S-limonene, 15 mmol of 
alcohol, 5 mol% of Ni(acac)2 as catalyst, 0.5 g Mol Sieves 4Â, 5 bar of O2, 
110° C, 4 hrs.
2.2.6 Stereochemistry
In order to obtain information about the stereochemistry of the reaction, the epoxidation 
of czs-stilbene was studied by Gosling28 using various Ni(II) complexes and several 
oxidants (Table 2.7, page 56). From a comparison of the products obtained with 
m-chloroperbenzoic acid (m-CPBA, entry 4) with those obtained with the nickel(II) 
catalysts (other entries), it can be concluded that a free peroxy acid cannot be the main 
oxidizing species in our system; in that case the stereochemistry of the epoxide would 
have been retained, which is not observed. In the presence of a small quantity of pyridine 
the cis/trans ratio was shifted from 1:13 (entry 1) to 1:45 (entry 2), indicating that, 
although the main pathway for epoxidation is not concerted, a small fraction of the 
products is formed via a concerted pathway, which is inhibited by the presence of a 
coordinating ligand such as pyridine. W e found that it is not possible to induce chirality 
in the epoxidation products by using chiral p-diketonate-Ni(II) complexes such as 
camphor and carvon derived complexes.28 Also Fdil et al.10 synthesized similar camphor 
complexes and found no induction of chirality in the epoxide products.
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Table 2.7 Stereoselectivity of the epoxidation of cis-stilbene with different oxidants and 
nickel complexes28,a
Entry Catalyst (%) Conversion (%) Yield
(epoxide, %)
cis/trans ratio
1 Complex 1c 40 36 1:13
2 Complex 1c and pyridine 47 46 1:45
3 Complex 1c and m-CPBAb 63 65 3:1
4 m-CPBAc 60 60 100% cis
5 Ni(II)salophen 70 53 1:10
6 Ni(II)TPPd 80 68 1:12
7 Ni(II)OAc2 71 69 1:22
a Reaction conditions:28 0.1 mol l-1 alkene, 0.3 mol l-1 isobutyraldehyde, 1.0- 10-3 mol l-1
catalyst. 5.0 ml CH2Cl2, 1.0 bar O2, 25° C, 4 hrs. b 0.1 Mol l-1 m-CPBA under N2. c 0.1 Mol l-1 m-CPBA,
no catalyst. d H2TPP = tetraphenylporphyrin
2 .3  D i s c u s s i o n
The Mukaiyama catalytic system appears to be very useful to prepare a variety of 
multiply substituted epoxides from alkenes under mild conditions. Among the best 
catalysts for the epoxidation of terpenes are nickel(II)-p-diketonate complexes, which 
display almost quantitative conversion and selectivities up to 93%. Allylic oxidation is 
not observed which is a remarkable difference with similar systems using cobalt, iron, 
manganese, or other metals as catalysts. Cobalt(II) complexes perform well in most 
epoxidations we studied, but are slightly less selective for epoxide, giving more allylic 
oxidation at high conversions. Many oxygen-containing functional groups in the alkene 
substrate are compatible with the present nickel-catalyzed system, however, amides and 
amines are not. For obvious reasons, also aldehyde-containing alkenes can not be used. 
Using nickel(II)acetylacetonate, allylic alcohols are not epoxidized. In spite of the 
efficiency and selectivity of the present epoxidation method, industrial applications are 
limited due to the high costs of the aldehyde co-reactant.
2 .4  E x p e r i m e n t a l
2.4.1 Materials
CH2Cl2 was dried over CaCl2 and distilled from CaH under dry nitrogen and stored over molecular sieves. 
Acetonitrile was HPLC grade. All other solvents and isobutyraldehyde were distilled before use. Oxygen 
was obtained from Hoek-Loos or Air Liquide and dried over calcium chloride. All alkene substrates were 
commercial samples (Aldrich) and were purified by column chromatography over basic alumina with 
CH2Cl2 as eluent or by vacuum destillation. An exception is S-limonene (Aldrich, 96%, Fluka, 97%) which 
was used as received. Epoxide products were identified with gas chromatography and compared to 
authentic samples. The metal complexes were commercial products or were synthesized according to 
literature procedures.35,36 The physical properties of the complexes were in agreement with their structures 
and with literature values.
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2.4.2 Instrumentation
GC analyses were performed on a Varian 3700 instrument with a fused silica capillary column, 25 m 
length, 25 m diameter containing a CP-sil stationary phase or with a 15 m length, 35 im diameter column 
containing an FFAP stationary phase. The instrument was equipped with a flame-ionization detector and 
coupled to a Hewlett Packard 3395 integrator. Another GC instrument used was a Varian 3800 with a 
Supelco fused-silica capillary column (15 m length, 35 (im ID, df = 1.0) containing an FFAP stationary 
phase. Data were analyzed with Varian Star 5.2 software. UV/Vis spectra were taken on a Perkin Elmer 
Lambda 5 spectrometer. A BioRad FTS-25 IR spectrometer was used to obtain the IR spectra. NMR 
analysis was performed on a Bruker AC-300 or a Bruker WH-90 instrument; the solvent was CDCl3.
2.4.3 Description o f the catalytic system
Epoxidation at ambient conditions
The standard conditions used in the epoxidation of alkenes by Ni(II) p-diketonate complexes in the 
presence of an aldehyde were as follows: 0.1 mol l-1 alkene, 0.3 mol l-1 aldehyde, and 1 mmol l-1 catalyst 
were stirred (1000 rpm) in CH2Cl2 at 25.0±0.5°C under 1.0 bar of oxygen. Unless indicated otherwise, 
experiments were carried out with a-pinene as the alkene substrate, isobutyraldehyde as the co-reagent, and 
bis(3-(p-(t-butyl)benzyl)-2,4-pentanedionato)nickel(II), (Ni(II)-1c), as the catalyst. Errors were estimated to 
be less than 5%. The catalytic reaction was followed by monitoring the disappearance of the substrate and 
the appearance of product(s) as a function of time with gas chromatography; the internal standard was 
DMF (100.0 il), or in most cases, 1,2,4-trichlorobenzene (adding DMF in small quantities did not affect 
the reaction).
Epoxidation at higher pressure
Two methods were used. The first was the same as the epoxidation method at ambient pressure, except 
that the reaction vessel was a closed pressure vessel this time. The concentrations of reactants were 
identical to the concentrations used in the method described above. The temperature was kept at 110°C 
(external temperature) by heating in an oil bath. 100% O2 gas was added to the vessel at a pressure of 3 bar. 
This pressure remained constant during the reaction.
The second method involved epoxidation reactions carried out in a Premex autoclave reactor with 
Hastelloy C276 wet parts, equipped with a HC276 Dean-Stark water separator, a 4-blade stirrer 
(1500 rpm), a sintered HC276 gas-inlet (5 (im frit) and a sampling tube. The temperature was regulated 
with a Premex C-M2 control unit to ±0.1° C. Nitrogen and oxygen gas inlets were regulated by mass-flow 
controllers (MFC’s) and could be controlled to ±0.1% v/v O2 in N2. After depressurizing, the exhaust gas 
was cooled (-80° C) to condense any vapor that was present. The gas was then analyzed for carbon dioxide 
and carbon monoxide with a Maihak Multor 610 CO2/CO analyzer (IR detection) and for oxygen content 
with a Servomex 570A O2 analyzer.
60 Mmol dipentene (RS-limonene) and 150 ml toluene were loaded into the autoclave and the 
Dean-Stark cooler was filled with toluene. This mixture was equilibrated for at least one hour at 
25.0±0.1° C in the presence of 8.5% v/v O2 in N2 (7 bars total pressure). No reaction was observed during 
this period. The autoclave was opened and 0.06 mmol of Ni(acac)2 (1a) and 180 mmol of i-butyraldehyde 
were added quickly and the autoclave closed and pressurized again. This was taken as t = 0. During the 
reaction the pressure was 7.0±0.1 bar, the temperature 25.0±0.1° C, and the stirring rate 1500 rpm. Samples 
were taken regularly and analyzed with GC using 1,2,4-trichlorobenzene as the external standard and
2-(t-butyl)-4-methylphenol as a stabilizer (radical trapping agent). The oxygen content of the exhaust gas 
was registered and the CO2 and CO content read from the IR detector with a pc.
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Mechanism of the Mukaiyama epoxidation
Summary
A  detailed mechanistic study on the Mukaiyama epoxidation of limonene with dioxygen 
as oxidant, bis(acetylacetonato)nickel(II) as catalyst and an aldehyde as co-reagent is 
reported. All major products of the reaction have been quantitatively identified, both with 
i-butyraldehyde and 2-methylundecanal as co-reacting aldehydes. Limonene epoxide is 
formed in good yield. The main products evolving from the aldehyde are carboxylic acid, 
CO2, CO, and lower molecular weight ketone and alcohol (K + A). A  mechanism in 
which an acylperoxy radical formed by the autoxidation of the aldehyde is the 
epoxidizing species, is proposed. The observation of carbon dioxide and (K + A) in a 1:1 
molar ratio supports this mechanism. CO2 and (K + A) are formed in molar amounts of 
50-60% with respect to the amount of epoxide produced, indicating that epoxidation not 
only takes place via acylperoxy radicals, but also via a peracid route.
Cyclohexene epoxidation was also investigated with a number of different metal 
complexes as catalysts. Cyclohexene is very sensitive for allylic oxidation, which 
provides information about the action of the catalyst, e.g. metals which form strongly 
oxidizing stable high-valence complexes are more likely to induce allylic oxidation. Color 
changes in the reaction mixture indicate the presence of such high valence species. In the 
case of nickel, it was found that high-valence complexes are absent during the reaction 
which is in line with the fact that this metal displays the highest selectivity for epoxide. A  
mechanism which accounts for the observations is presented.
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3 .1  I n t r o d u c t i o n
The aerobic epoxidation of alkenes with an aldehyde as a co-reagent is an efficient and 
useful method for the production of fine chemicals. In general, there is a distinction 
between methods that do not use transition metal catalysts (see for example Kaneda1 and 
Lassila2) and the more widely explored systems which make use of such a catalyst. The 
latter method was investigated in detail by Mukaiyama et al.,3-18 and is therefore often 
referred to as the Mukaiyama epoxidation. The method is very mild: usually the 
reactions are performed at room temperature and they often display epoxide selectivities 
up to 100% at full conversion of the alkene. Furthermore, the product formation is 
complete in a few hours, whereas the uncatalyzed reaction takes a day or more to reach 
the maximum conversion. These characteristics make the Mukaiyama method attractive 
for industrial applications, despite the fact that more than stoichiometric amounts of the 
co-reacting aldehyde are needed.
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The uncatalyzed epoxidation of alkenes using molecular oxygen with co­
oxidation of an aldehyde appears to proceed via a mechanism related to aldehyde 
autoxidation (Scheme 3.1, eq. 1, 2). The acylperoxy radical formed in eq. (2) has been 
shown by Lassila2 to be the epoxidizing species (eq. 3, 4a). It was suggested that the 
carbon dioxide which is found as a side product originates from the unstable carboxyl 
radical generated during the epoxidation. This radical is so unstable that it 
decarboxylates before it can abstract a hydrogen atom, forming CO2 and an alkyl radical 
(eq. 4b). The latter radical is subsequently oxidized by O2 to give an alkylperoxy radical 
which abstracts a hydrogen atom and forms an alkylhydroperoxide (Scheme 3.2, eqs. 6, 
7). Alternatively, two alkylperoxy radicals may combine to form a tetroxide. This 
compound rearranges via a so-called Russell termination19 to generate a ketone and an 
alcohol (K + A), provided that a-hydrogens are present (Scheme 3.2, eqs. 8, 9). If no a- 
hydrogens are available, the alkylperoxy radical abstracts a hydrogen and forms an 
alkylhydroperoxide. Lassila found i-butylhydroperoxide and CO2 in a 1:1 ratio as the 
products of the epoxidation of diisobutylene with pivaldehyde (R = i-butyl) as co-reagent,
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supporting eqs. 4-7. The epoxidation-decarboxylation sequence is likely to proceed 
conceitedly (eq. 5) as Lassila has shown.2
In addition to epoxidation, the acylperoxy radical which is formed in eq. 2 may 
abstract a hydrogen atom from another aldehyde molecule to give a peroxy acid and an 
acyl radical, thus propagating the autoxidation chain (Scheme 3.3, eq. 10). Peroxy acid 
(or peracid for short) is a competing epoxidizing agent (eq. 11), generating carboxylic 
acid in a non-radical epoxidation pathway. Peracid may also react with aldehyde yielding 
two molecules of carboxylic acid (eq. 12). Furthermore, the acyl radical generated during 
the autoxidation steps (eqs. 1 and 10) may decarbonylate in an endothermic reaction to 
form an alkyl radical and carbon monoxide (eq. 13). All these reactions consume 
aldehyde without generating epoxide via the radical epoxidation pathway, and therefore 
do not generate ketone and alcohol (K + A) and CO2.
The transition-metal catalyzed epoxidation of alkenes using molecular oxygen 
and i-butyraldehyde as a co-reagent (the Mukaiyama epoxidation) was studied in detail 
by Nam et at.20 As substrates, limonene, stilbene, styrene, and cyclohexene were used, 
and as catalysts several cyclam and porphyrin complexes of e.g. nickel(II), cobalt(II), 
manganese(III) and iron(III) were tested. It was proposed that autoxidation of aldehyde 
plays an important role in this metal catalyzed reaction, just as it does in the uncatalyzed 
oxidation of alkene and aldehyde with molecular oxygen. On the basis of the results of 
cz's-stilbene epoxidation it was concluded that the oxidizing species is an acylperoxy 
radical, and not a peroxy acid. A  mixture o f cis- and trans-stilbene was obtained 
indicating that a freely rotating radical (as in eq. 3) is the main intermediate. Acylperoxy 
radicals are known to preferentially react with the double bonds of alkenes yielding 
epoxides (Scheme 3.4, eq. 14), whereas hydroxy and alkylperoxy radicals tend to abstract 
allylic hydrogens giving allylic oxidation products (Scheme 3.4, eq. 15). A  good substrate 
to investigate whether the oxidizing species has a preference for allylic oxidation or 
epoxidation is cyclohexene. This molecule is very sensitive to allylic oxidation. Using 
cyclohexene as a substrate, Nam et at. found epoxide as the predominant product. The 
product distributions appeared not to depend on the type of metal complex that was used 
as the catalyst.20 It was concluded that the only role of the metal complex was the 
stabilization the acylperoxy radical. Unfortunately, the products evolving from the 
aldehyde were not isolated as was done for the uncatalyzed co-oxidation of the alkene
+
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and aldehyde by Lassila et at.2 It was assumed that carboxylic acid, formed through 
hydrogen abstraction by the carboxyl radical from either the substrate or the aldehyde 
was the exclusive product.
In an earlier study,21 we investigated the scope and mechanism of the Mukaiyama 
epoxidation. W e provided new evidence for the radical nature of the reaction, and we 
proposed a tentative mechanism in which the nickel catalyst may serves to stabilize the 
epoxidizing species, i.e. the acylperoxy radical.
Mizuno et at.22 also investigated the Mukaiyama epoxidation using three different 
polyoxometalates as catalysts, i-butyraldehyde as co-reagent, and cyclohexene as 
substrate. In contrast to Nam et at.,20 they noted the formation o f allylic oxidation 
products i.e. cyclohexanol and cyclohexanone, and observed that the uncatalyzed co­
oxidation of cyclohexene and i-butyraldehyde gave a very high selectivity ratio (SR) of 
epoxide to allylic oxidation product, albeit in a very slow reaction. On the contrary, the 
catalyzed reaction gave lower selectivity ratios, but was much faster. The SR was found 
not to vary between the three different catalysts.
Despite the interesting results of the study of Lassila et at. 2 no comparable studies 
have been published for the metal catalyzed epoxidation of alkenes using molecular 
oxygen as oxidant and an aldehyde as co-reagent. With this paper, we intend to fill in 
this gap by presenting a quantitative study of all the products evolving from the 
Mukaiyama epoxidation. W e were particularly interested in the aerobic epoxidation of 
S-limonene (Scheme 3.5, 5-1), under Mukaiyama’s conditions using nickel(II) p- 
diketonate complexes (3) as catalysts. Limonene epoxidation is of interest as the first step 
in a new industrial route for the manufacture of carvone, an important spearmint flavor 
compound, and was therefore investigated as the main substrate in this study. As a co­
reacting aldehyde in the Mukaiyama epoxidation, i-butyraldehyde 4 is widely applied. 
However, since it was expected that low molecular weight ketone and alcohol (i-propanol 
and acetone in this case, Scheme 3.2, eq. 9) which are volatile and not easily analyzed 
quantitatively, will evolve from the reaction, we chose to use a higher molecular weight
3
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aldehyde as well for our studies. The results obtained with this aldehyde will be 
compared to those obtained with i-butyraldehyde.
Furthermore, we felt that in addition to M izuno’s studies22 much can be learned 
from a detailed study of the use of various transition metal catalysts in the Mukaiyama 
epoxidation. Preliminary results from our group had indicated that there is a difference in 
selectivity ratio (SR) between different metal catalysts in the Mukaiyama epoxidation of 
cyclohexene in contrast to M izuno’s conclusions.22 This would suggest that the metal 
catalyst has a more complex role than just stabilizing the oxidizing species in the reaction 
as Nam et al. concluded .20 For these studies cyclohexene instead of limonene was used as 
the substrate, since the former compound is more sensitive to allylic oxidation (vide infra).
3 .2  R e s u l t s
3.2.1 Epoxidation o f lim onene using 2-methylundecanal as co-reagent
As a co-reagent in the Mukaiyama epoxidation an a-branched aliphatic aldehyde is most 
suitable. While i-butyraldehyde (4) is commonly employed in this reaction (vide infra), we 
used 2-methylundecanal (5) to study the products that evolve from the reaction. The 
choice for 5 was based on the high boiling point of this compound and of the potential 
oxidation products, which assures that these products do not evaporate during their 
analysis allowing a quantitatively identification by GC and GC-MS. In the epoxidation 
run shown in Figure 3.1, limonene was reacted with 2.9 equivalents of 2-methyl- 
undecanal 5 (R = C9H 19 in Scheme 3.5) in toluene in an autoclave. 0.1 Mol% of 
Ni(acac)2 (3a) was used as the catalyst. In the upper panel of Figure 3.1, the 
consumptions of limonene 1 and aldehyde 5 are plotted, together with the formation of 
epoxide 2. Furthermore, the consumption of O2 is plotted (an increasing curve, not a 
decreasing one). In Figure 3.1 (lower panel) the formation of 2-methylundecanoic 
acid (8 ) as an oxidation product of aldehyde 5 is plotted. Moreover, 2-undecanol (9,
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Figure 3.1 Limonene epoxidation with oxygen and 2-methylundecanal 
catalyzed by Ni(acac)2. Conditions: 32.8 mmol limonene 1, 93.5 mmol 
aldehyde 5, 0.1 mol% N in(acac)2 (3b) in 75 ml of toluene, 7 bar of 8% O2 in 
N 2, 25° C. Analyses by GC. Top: a: 2-methylundecanal (5), b: O2 uptake, c: 
limonene epoxide (2), d: limonene (1). Bottom: e: 2-methylundecanoic 
acid (8), f: (ketone 10 + alcohol 9), g: 2-undecanone (10), h: 2-undecanol (9).
alcohol, A) and 2-undecanone (10, ketone, K) were detected in the reaction mixture by 
GC-MS analysis (M /z = 171 and 170). These products were identified by comparison 
with authentic samples. Their formation is also plotted in Figure 3.1 (lines g and h). 
When the molar amounts of ketone and alcohol (K + A) are added, line f  in Figure 3.1 is 
obtained. Small amounts of epoxides 6 and 7 were also found (not shown in this figure).1
After the reaction had been allowed to run for 130 minutes, the conversion of 
limonene was 94% (30.9 mmol of the initial 32.8 mmol had reacted), the consumption of 
aldehyde being 56.9 mmol (note that this is approximately 2 equivalents with respect to 
limonene). The selectivity for epoxide 2 reached a maximum (74%) after 2 hours reaction
f In this particular experiment, CO2 formation was not recorded although it is expected to be present on the 
basis of Scheme 3.1 and Scheme 3.2.
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Figure 3.2 Formation of epoxide (squares) correlated with CO2 formation 
(line) in the epoxidation of limonene with O2 and 2-methylundecanal 
catalyzed by Ni(acac)2. Conditions: 18 mmol limonene, 22 mmol aldehyde,
75 ml of toluene, 0.3 mol% N in(acac)2, 7 bar of 8% O2 in N 2, 25° C.
time. Thereafter, limonene epoxide was further oxidized into diepoxide 7 and other 
unidentified oxidation products. Formation of the diepoxide 7 started after nearly all 
limonene had been converted into the monoepoxide 2, i.e. the maximum selectivity for 
monoepoxide was obtained at >95% conversion of limonene. 2-Methylundecanoic acid 8 
was formed at approximately the same rate as epoxide during at least the first two hours 
of the reaction (Figure 3.1, bottom): after 130 minutes, 19.5 mmol of 8 and 22.8 mmol of 
2 had formed. At this point, 54.6 mmol of O2 had been consumed, i.e. approximately two 
times the amount of consumed alkene. An important observation was that in the first two 
hours of the reaction (up to 80% conversion), ketone and alcohol were formed in 
equimolar amounts and that the cumulative amount of alcohol 9 and ketone 10 (K + A) 
was approximately one half of the amount of epoxide in these first two hours.
CO2 formation was measured with methylundecanal 5 present in slight excess 
with respect to limonene. A  solution of limonene in toluene was treated with 1.2 
equivalents of 2-methylundecanal 5 and 0.3 mol% of Ni(acac)2 3a in the autoclave under 
otherwise standard conditions (see Experimental section and Figure 3.2). After an 
induction period which is usually observed at low aldehyde concentrations, limonene 
epoxide was formed at the same rate as CO2. At 76% conversion, 68% of limonene 
epoxide had been formed as well as 62% of CO2 (8.6 mmol). At this point, the 
cumulative amount of 9 and 10 was 59% (8.1 mmol, not shown), i.e. under these 
conditions employing a slight excess of aldehyde, approximately equimolar amounts of 
epoxide, CO2, and K + A  (combined amounts of alcohol plus ketone) are generated.
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Figure 3.3 Epoxidation of limonene with z-butyraldehyde and oxygen catalyzed by 
Ni(acac)2. Conditions: limonene (1) (67 mmol), z-butyraldehyde (4) (184 mmol),
150 ml toluene, 0.1 mol% Ni(acac)2 (0.4 mM), 25.0° C, 7 bar of 8% v /v  O2 in N 2. 
Analysis by GC. a: Oxygen uptake, b: z-butyric acid, c: CO2, d: limonene epoxide, 
e: limonene
3.2.2 Epoxidation using Z-butyraldehyde as co-reagent
While 2-methylundecanal 5 is a good co-reagent for studying the progress of the reaction 
and the products of the Mukaiyama epoxidation of limonene, it is not a very practical 
additive for use in industrial processes, for which the inexpensive z-butyraldehyde 4 is 
preferred. z-Butyraldehyde has been widely studied as a co-reagent in this epoxidation 
system, but only limited quantitative information is available concerning the fate of this 
aldehyde. W e decided, therefore, to perform some quantitative studies using dipentene (a 
mixture of R- and S-limonene 1) in toluene with 3 equivalents of z-butyraldehyde and 0.1 
mol% of Ni(acac)2 at 7 bar of 8% O2 in N 2 (standard conditions, see Experimental section 
and Figure 3.3). As can be seen in Figure 3.3, the conversion of limonene reaches 88% 
after 24 hours with an epoxide selectivity of 54%. The latter is at maximum after 3 hours 
(90% at 78% conversion of alkene) after which the non-endocyclic double bond is 
oxidized to form 6 and further oxidation of limonene mono-epoxide is observed (i.e. 7 is 
formed).
Since it was difficult to quantitatively determinate the low molecular weight, 
volatile products formed from z-butyraldehyde during the oxidation, the amount of 
carbon dioxide and carbon monoxide present in the exhaust gas were measured instead 
to follow the course of the z-butyraldehyde conversion. From Scheme 3.1 and Scheme 3.2 
and the data presented above it can be concluded that CO2 and K + A  are formed in 
equimolar amounts since they evolve from the same reaction step (eq. 4). CO is expected 
as a byproduct (Scheme 3.3), but at the standard reaction temperature of 25°C, no carbon
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Figure 3.4 Formation of CO2 (symbols, left axis) and CO (drawn lines, right axis) 
as a function of time, at four different temperatures: a: 45.0° C, b: 35.0° C, c: 25.0° C, 
d: 18.8° C. For other conditions see Figure 3.3 and Experimental section.
monoxide was detected in the exhaust gas. As can be judged from Figure 3.3, the amount 
of CO2 formated during the first 3 hours (up to 70% conversion of the reaction at 25° C) is 
approximately 60% of the amount of epoxide formed. CO2 and CO formation was also 
determined at three other temperatures, viz. at 18.8° C, 35° C, and 45.0° C (Figure 3.4). 
The experiments were performed in duplicate and the deviation was found to be less than 
±5%. CO formation was negligible at 18.8°C and 25.0°C, but at higher temperatures 
appreciable amounts of this gas were formed (solid lines in Figure 3.4) as expected for an 
endothermic decay of an intermediate acyl radical (see Introduction section). At 45° C, 
decarbonylation had increased to 4 mmol (about 10% of the amount of epoxide formed). 
The temperature dependence of the CO and CO2 formation was found to be different. 
Whereas CO formation increased rapidly with temperature, CO2 formation ceased to 
increase on rising the temperature from 35.0°C to 45.0°C, after an initial increase on 
going from 18.8°C to 35.0°C. W e presume that the rate of the epoxidation reaction (eqs. 
3-5) does increase with increasing temperature, but that the rate of formation of the 
oxidizing species, viz. the acylperoxy radical (eq. 2), is reduced at these temperatures due 
to premature decarbonylation of the acyl radical (eq. 13). W e may conclude that 25° C is 
the optimum temperature for this reaction, because no side reactions leading to CO are 
taking place.
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3.2.3 Epoxidation using different nickel(II) complexes
Two different bis(acetylacetonato)nickel(II) catalysts, viz. 3a and 3b were studied in the 
present Mukaiyama epoxidation system to investigate the role of the structure of the 
nickel complex on the reaction. These two nickel complexes were chosen because they 
have different structures in toluene solution. Ni(acac)2 (3a) is known to be a trimer in 
non-coordinating solvents,23-26 with the nickel center being octahedrally coordinated. 
The complex has a green color and is paramagnetic with a magnetic moment of 
3.27 B.M. at 27° C.27 Nickel catalyst 3b has more bulky and more electron withdrawing 
acetylacetonato ligands and is not able to rearrange into a trimer.23’28 This complex is 
square planar, diamagnetic and has a purple color.
The rate of epoxidation of limonene as a function of the i-butyraldehyde 
concentration catalyzed by the two Ni-complexes was monitored by measuring the rate 
of CO2 formation. In the case of catalyst 3a, this rate was also measured directly, viz. by 
determinating the rate of epoxide formation. In the analysis, the reaction rate was taken 
as the slope of the linear part of the concentration-time plot, usually from circa 5 to 80% 
conversion. In Figure 3.5 the rate of the reaction is plotted against the concentration of
i-butyraldehyde. The concentration of alkene and all other parameters were kept 
constant, so that the amount of aldehyde varied with respect to limonene from 1 molar 
equivalent (an aldehyde concentration of 0.4M) to 10 molar equivalents (2.8M). The 
lines (b) and (c) represent experiments with respectively catalyst 3a and 3b, respectively. 
Line (a) shows the rate of epoxide formation in the experiments with 3a as a catalyst and 
should thus be compared to line (b).
From Figure 3.5 it appears that for both catalysts the reaction is first order in 
aldehyde concentration between 1 and 4 molar equivalents of this co-reagent with respect 
to alkene. The linear fits afford in this range a first order rate constant of 
kx,sa = (2.46± 0.12)10-5 s-1 for 3a (Figure 3.5, b) and k ^  = (3.00±0.15)-10-5 s-1 for 3b 
(Figure 3.5, c). Thus, the reaction with catalyst 3b is only slightly faster than that with 3a. 
From the rate of epoxide formation the first order rate constant of the 3a-catalyzed 
reaction was calculated to be kx,3a = (2.8± 0.2)-10-5 s-1 (Figure 3.5, a), which is similar to 
that calculated from the CO2 formation curve. W e may conclude that the catalysts differ 
in reaction rate at a given aldehyde concentration, although the values of k  are similar.
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Figure 3.5 Reaction rate as a function o f aldehyde concentration in the 
epoxidation o f limonene with O2 and i-butyraldehyde catalyzed by N in 
complexes. For conditions see Figure 3.3. a: Catalyst 3a, rate o f epoxide 
formation b: Idem, rate o f CO2 formation, c: Catalyst 3b, rate o f CO2 
formation. Solid lines: linear fits o f the data.
The rate o f the reaction was also measured at different catalyst concentrations 
varying from 0.01 to 0.5 mol% with respect to alkene at otherwise standard conditions 
(Experimental section). The results are shown in Figure 3.6. The rates o f the reactions 
catalyzed by both 3a and 3b level off when the amount o f nickel(II) becomes higher. The 
reaction catalyzed by 3b is faster than that o f 3a at low catalyst concentrations, but the 
former catalyst seems to become more easily deactivated at high concentrations than the 
latter (see the Discussion section).
3.2.4 Control experiments
Mizuno et at.11 have pointed out that it is extremely important in radical oxidations to 
assure that the reactions are not physically limited (i.e. by diffusion limitation) and that 
all compounds (substrates and products) are quantitatively identified. Furthermore, a 
blank reaction in the absence o f a catalyst should be carried out in order to establish the 
presence or absence o f an uncatalyzed oxidation process. These control experiments were 
performed in the present study and are described below.
By comparing the masses o f all incoming reagents (including O2) with the weight 
o f the reaction mixture after reaction (including CO2 and CO), the mass balance was 
determined. Expressed in formula (where M denotes mass in g): M(limonene) + 
M(toluene) +  M(aldehyde) +  M(Ni(acac)2) +  M(O2) =  M(reaction mixture) +  M(CO2) +  
M(CO). In all experiments reported here, more than 94% o f the initial mass was
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Figure 3.6 The rate of CO2 formation as a function of the concentration of the 
nickel catalyst in the epoxidation of limonene with O2 and z-butyraldehyde as co­
reagent. For conditions see Figure 3. a: Catalyst 3a. b: Catalyst 3b.
recovered after the reaction had ended. This means that no large amounts of compounds 
had escaped from the reaction vessel by evaporation or otherwise. Typically, 85-90% of 
the products in the recovered reaction mixture could be identified. Among the 
unspecified products were several terpenes in amounts less than 0.5%.
In separate experiments the oxygen content of the incoming gas mixture was 
varied from 6% v /v  to 15% v /v , corresponding to a partial oxygen pressure o f 0.4 to
1.0 bar, under otherwise standard conditions.1 This was found to have no influence on 
the formation of any of the products or the rates of their formation. In an earlier study21 
we had found that, using a magnetically stirred glass vessel, the reaction rate did depend 
on the oxygen pressure between 0.2 and 1.0 bar. This implies a diffusion limited reaction. 
In the present setup we did not observe such a dependence. This discrepancy illustrates 
the importance of a good mixing of the phases when the kinetics of a gas-liquid reaction 
are studied.
The total pressure in the autoclave was varied, between 2 to 15 bar, which again 
had no effect on the reaction at all. The stirring rate was changed from 500 to 1500 rpm 
and the rate of epoxide formation was measured. Going from 500 to 1000 rpm, the 
reaction rate increased, but from 1000 to 1500 rpm, the rate remained constant. W e may 
conclude, therefore, that the epoxidation reaction was not physically limited under the 
conditions we applied to study the mechanism (1500 rpm; 7 bar of 8% O2 in N 2; 25°C).
1 Conditions: limonene (60 mmol) and aldehyde (180 mmol) in 150 ml of toluene, 0.1 mol% 3a, 8% O2 in 
N2, 7 bar, 25° C.
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To establish the need for nickel as an initiator in the Mukaiyama epoxidation, a 
blank reaction was run under standard conditions but in the absence of nickel catalyst.1 
At ambient temperature this reaction did not start. Only after addition of a radical 
initiator (m-CPBA, 0.25 mol% with respect to alkene), a reaction could be detected. This 
reaction was much slower than the nickel-catalyzed reaction, reaching a maximum of 
86% alkene conversion after 53 hours with a selectivity for epoxide of 81%. An  
uncatalyzed and uninitiated reaction could only be established at elevated temperature 
(45° C).4
3.2.5 Epoxidation versus allylic oxidation
Mizuno et al. noted recently22 that the uncatalyzed epoxidation of the frequently studied 
substrate cyclohexene, with z-butyraldehyde and oxygen is almost as efficient as the 
metal-catalyzed reaction (76-88% versus 88-94% yield of epoxide under their reaction 
conditions of 1 bar 100% O2; 38°C). The selectivity ratio (SR) of the reaction, which is 
defined as the ratio of the desired product cyclohexene epoxide to the side products
2-cyclohexen-1-ol and -1-one, was determined for both the catalyzed and the uncatalyzed 
reaction. Interestingly, this ratio is 10-15 for reactions catalyzed by an iridium 
polyoxoanion, and 28-37 for the uncatalyzed epoxidation initiated by 
alkylhydroperoxide. Mizuno concludes that the nature of the metal catalyst has only a 
relatively small effect on the selectivity, in agreement with the results of Nam et al.20 This 
conclusion was, however, derived from experiments on only three different, structurally 
related polyoxometalates. In a previous study, we tested a number of transition metal p- 
diketonate complexes as catalysts in the Mukaiyama epoxidation of limonene,21 but no 
allylic oxidation products were found. Limonene is not a good substrate, however, to 
establish the occurrence of allylic oxidation (vide infra). Therefore, we decided to study 
the oxidation of the more sensitive substrate cyclohexene and to compare the selectivity 
ratios of a number of different transition metal salts and metal p-diketonate complexes 
(Table 3.1). These experiments were aimed at finding a catalyst that combines a reduced 
tendency for (unwanted) allylic oxidation with a high rate of epoxidation.
♦ The reaction under standard conditions afforded 25 mmol (42%) of epoxide and 40 mmol of /-butyric 
acid after 4 hrs., The induction period was ca. 50 min. When only /-butyraldehyde (180 mmol) and toluene 
(150 ml) were loaded into the autoclave and O2 was added, no reaction took place: no oxygen was taken up 
and neither carboxylic acid nor CO2 were formed. When Ni(acac)2 was added to this mixture, CO2 was 
formed in only very small amounts (ca. 4.5 mmol after 22 hrs.), and /-butyric acid was formed (117 mmol) 
as the exclusive product. It is concluded, therefore, that the uncatalyzed autoxidation of /-butyraldehyde is 
too slow to be observed at room temperature.
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Table 3.1 Metal catalyzed aerobic oxidation of cyclohexenea
Entry Catalyst Colour
before
reaction
Colour
after
reaction
Conversion
(%)b
Yield of 
epoxide (%)b
SRc
1 none col. less col. less 99d 85 18
2 Ni(acac)2 3a pale
green
pl. green 98 85 12.5
3 Ni(ptbbacac)2 3b pl. purple pl. green 100 79 11.3
4 Ni(OAc)2 light
green
l. green 99 83 12.7
5 Ni(OAcV 4 H2O l. greene l. green 82 67 10.6
6 Co(acac)2 pl. pink dark
green
84 58 6.5
7 Co(OAcV 4 H2O pink d. green 95 71 9.8
8 Mn(acac)2 l. brown d. brown 49 33 6.0
9 Mn(OAcV 4 H2O n.d.f n.d.f 97 71 6.9
10 Cu(acac)2 pl. bluee bright
blue
93 72 11.4
11 Fe(acac)3 d. red. br. orange 78 59 9.8
12 VO(acac)2 d. green br. yellow 70 30 2.9
13 Cr(acac)3 purple purple 12d 6 9.9
“Reaction conditions: 3 mmol of cyclohexene, 8.4 mmol of i-butyraldehyde, 0.03 mmol of catalyst 
(1 mol%), 1,3-dichlorobenzene as an internal standard, 10 ml of CH2Cl2 stirred glass vessel equipped 
with an O2 reservoir, 25° C. bGC analysis after 5 hrs. cSR = Selectivity ratio: mmol of epoxide /  mmol of 
allylic oxidation products (2-cyclohexen-1-one + 2-cyclohexen-1-ol). dAfter 22 hrs. e Catalyst is only 
slightly soluble in the reaction mixture. f Not determined.
W e found that the reaction in the absence of a catalyst gave a very high epoxide 
selectivity (entry 1) in agreement with M izuno’s results22 but proceeded only very slowly 
at room temperature.* Highly interesting was the observation that at the catalyst 
concentration used in our experiments (1 mol%), the selectivity of epoxidation versus 
allylic oxidation was influenced by the type of metal catalyst (see Table 3.1, last column). 
Nickel(II) appeared to be the most efficient catalyst in these experiments, combining the 
highest selectivity for epoxide with the fastest reaction (full conversion was obtained after
5 hours, entries 2-4, except when hydrated nickel(II)acetate was used, entry 5). The 
observed selectivity ratios of 10.6-12.5 are comparable to those published by Mizuno.22 
Nickel was followed closely by Cu(acac)2, which displayed an SR of 11.4 at 93% 
conversion (entry 10). The three metals that have been most frequently studied in 
oxidations, viz. cobalt(II), manganese(II), and iron(III), were somewhat less selective and 
less efficient (entries 6-9, 11). VO(acac)2 (entry 12) gave epoxide and allylic oxidation
* It should be noted that we did not deliberately initiate the oxidation reaction, which results in variable 
induction times, but not in different oxidation rates and reported conversions.
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products in an SR of 3, and Cr(acac)3 gave almost no conversion (entry 13). Neither of 
these complexes are suitable as a catalyst for the Mukaiyama oxidation. Remarkably, in 
all experiments where a reaction took place, with the exception of the nickel and copper 
catalyzed reactions, clear color changes were observed (see Table 1). W e found that the 
selectivity of the oxidation reaction was very sensitive to small changes in the reaction 
conditions. For example, the use of non-dehydrated or dehydrated nickel acetate as a 
catalyst resulted in a considerable SR difference (entries 4 and 5). Not all differences in 
SR, however, can be ascribed to the presence of water in the reaction mixture. The SR 
was already shown by Mizuno22 to be solvent dependent, a non-coordinating solvent 
such as dichloromethane giving a higher SR than a coordinating one such as acetonitrile.
3 .3  D i s c u s s i o n
3.3.1 M echanism o f the aerobic lim onene epoxidation w ith  co-oxidation o f an 
aldehyde
The mechanism of alkene epoxidation by aerobic co-oxidation with an aldehyde was 
thoroughly investigated in the early seventies (see for example Vreugdenhil and Reit29 
and Tsuchiya and Ikawa30) and has been reviewed by Sheldon and Kochi.19 For the 
uncatalyzed reaction, Lassila et at.2 have envisaged both a radical and a non-radical 
pathway. Based on the results presented in the previous sections we propose that the 
mechanism of the N iII(acetylacetonate) catalyzed Mukaiyama epoxidation proceeds for 
the larger part via a radical pathway, i.e. autoxidation of the aldehyde (Scheme 3.1, eqs. 
1-2) followed by epoxidation of the alkene by an acylperoxy radical. Support for of this 
mechanism is the formation of CO2 and the mixture of ketone and alcohol (K +  A) 
(Scheme 3.2). A  smaller part of the epoxidation follows the non-radical peracid 
epoxidation route (Scheme 3.3).
In the radical pathway, the active epoxidizing species are acylperoxy radicals 
formed by radical chain autoxidation of the aldehyde (Scheme 3.1).19 The ratio of the 
radical and non-radical pathways has an influence on the type of products derived from 
the aldehyde. Thus, in the non-radical peracid epoxidation pathway, the aldehyde is 
expected to be converted into the corresponding carboxylic acid, whereas in the radical 
epoxidation route lower molecular weight products are formed from the aldehyde 
(Scheme 3.2). Formation of these lower molecular weight compounds is accompanied by 
CO2 formation as was shown by Lassila et at.2 for pivaldehyde, which is degraded into 
tert-butylhydroperoxide and tert-butanol. These authors rationalized their findings by 
assuming a concerted decomposition of an acylperoxy-alkene adduct into epoxide, CO2, 
and an alkyl radical (eq. 5) which is rapidly trapped by dioxygen (eq. 6). The fact that 
aromatic carboxyl radicals decarboxylate much slower (106 s'1)31 accounts for the 
observation21 that aromatic aldehydes such as benzaldehyde are not active as co-reagents 
in the Mukaiyama system. The alkyl radical that results from the decarboxylation may be
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stabilized by the nickel center and form a Ni-alkyl complex. This is known to occur in 
nature the cofactor F430 cycle, which converts thioethers to methane via a 
methyl-Ni complex .32
A consequence of the concerted decomposition shown in Scheme 3.1, eq. (5), is 
that equimolar amounts of epoxide, CO2, and lower molecular weight alkyl radical 
oxidation products are expected if epoxidation proceeds exclusively through the radical 
mechanism. In the case of 2-methylundecanal, we do not find alkylhydroperoxide next to 
CO2, but instead 2-undecanol and 2-undecanone, which are formed in almost equal 
amounts during the first 2 hours of the reaction. Their equimolar formation is strong 
evidence for the intermediacy of (unstable) alkylperoxy radicals, which decompose into a 
1:1 mixture of ketone and alcohol via a Russell termination, 19 which is outlined in 
Scheme 3.2, eqs. (8 ) and (9). The fact that somewhat more ketone is formed is explained 
by the easy oxidation of the alcohol to the ketone under the autoxidation conditions. 
Howard33 has provided a similar explanation of the formation of a slight excess of ketone 
in the Russell termination on the basis of a bicyclic tetroxide intermediate which 
decomposes to form ketone and hydrogen peroxide.
Since the combined amount of undecanone and 2-undecanol is only 50-60% of the 
total amount of epoxide observed during the first hours of the epoxidation (~90% 
conversion), we presume that circa 40-50% of the epoxide is formed through the non­
radical peracid pathway, which generates 2 -methylundecanoic acid which was also 
detected as a major product derived from the aldehyde (Scheme 3.3). The combined 
occurrence of both peracid and radical epoxidation is also deduced from the amount of 
CO2 formed during the aerobic epoxidation of limonene in the presence of 
z-butyraldehyde. Figure 3.3 shows that the amount of CO2 is approximately 60% of the 
amount of epoxide formed during the first 2% hours of the reaction (at 70% conversion), 
whereas an equimolar amount is expected if radical epoxidation is the exclusive 
pathway. Thus, as with 2-methylundecanal, aerobic epoxidations with z-butyraldehyde 
are also likely to proceed via concomitant radical and peracid pathways.
In a study of the uncatalyzed co-oxidation o f alkene and aldehyde Vreugdenhil 
and Reit29 found that the percentage of radical epoxidation is around 45. This percentage 
was influenced by the ratio of olefin to aldehyde and by the reactivity of the alkene, but 
not by the type of aldehyde. This conclusion is supported by our results for the catalyzed 
reaction shown in Figure 3.2, which shows that the CO2/epoxide ratio increases to a 1:1 
level if the aldehyde/alkene ratio is lowered to 1.2:1, in contrast to the 3:1 ratio used in 
the other experiments.
3.3.2 Influence o f the aldehyde/alkene ratio on the Mukaiyama epoxidation
The Mukaiyama epoxidation proceeds smoothly when an excess of aldehyde with 
respect to alkene is applied, as many researchers have noted . 1-18 This may be clarified by 
Scheme 3.3. In eq. (10), an acylperoxy radical abstracts a hydrogen atom from another 
aldehyde molecule, forming peroxy acid and an acyl radical, thus propagating the radical
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chain but not generating epoxide. Subsequently, two molecules of carboxylic acid may be 
formed from the reaction of a peroxy acid with an aldehyde (eq. 12). Aldehyde is 
consumed again without the formation of epoxide. The amount of acid formed and thus 
the amount of aldehyde consumed could depend on the catalyst, the substrate and the 
reaction conditions. In the system that we studied, only approximately half of the 
aldehyde is converted into carboxylic acid.
There are, however, more reasons why the ratio of aldehyde to alkene in the 
Mukaiyama epoxidation is larger than 1. For example, as can be seen in Figure 3.5, it is 
evident that epoxidation under our conditions only proceeds if the aldehyde/alkene ratio 
exceeds a certain value (~0.5 molar equivalents). In an interesting series of investigations 
by Wittig and co-workers,34-40 it was shown that in the uncatalyzed co-oxidation of 
alkene and aldehyde some alkenes are capable of retarding the autoxidation of 
benzaldehyde. With an increasing ratio of alkene to benzaldehyde, the rate of 
autoxidation decreased. These results may bear upon the requirement of a minimum 
aldehyde/alkene ratio in our experiments: when this ratio is too low, i.e. when a large 
amount o f alkene is present with respect to aldehyde, the alkene might inhibit the 
aldehyde autoxidation (eqs. 1-2) and hence no oxidizing acylperoxy radical is generated. 
Furthermore, at an aldehyde/alkene ratio where epoxidation does not proceed, the 
epoxidation cannot be induced by raising the concentration of N i11 catalyst. Thus, the 
aldehyde/alkene ratio seems to be more important than the ratio of aldehyde to N i11. A  
further rationalisation for the requirement of a minimum aldehyde/alkene ratio can be 
found in the work of Filippova and Blyumberg.41 They observed that the rate of the 
uncatalyzed alkene epoxidation with aldehyde co-oxidation ceases to depend on the 
alkene concentration above a certain threshold value of this concentration. They assume 
that the acylperoxy radical and the alkene form an adduct (Scheme 3.1, eq. 3) so that at a 
certain alkene concentration all acylperoxy radicals are trapped in this adduct. As a 
result, the concentration of free, unbound acylperoxy radicals, which can act as chain 
carriers during aldehyde autoxidation and as oxidizing agents, is too low to allow for 
efficient epoxidation.
At high aldehyde concentrations (more than four equivalents with respect to 
alkene, i.e. at an aldehyde concentration >1.5M), the epoxidation reactions show a 
sudden drop in rate (Figure 3.5). An explanation may be given based on the work by 
Mizuno22 who noted that the aerobic oxidation of aliphatic aldehydes becomes limited 
by mass-transfer at aldehyde concentrations higher than 2-5 mol%. The points where the 
curves in Figure 3.5 bend, correspond to 15 mol% of aldehyde (1.6 mol) in 150 ml of 
toluene and mass transfer might become a serious problem in that case. A  solvent effect 
on the reaction rate may also play a role, since a 2.7 M solution of aldehyde in toluene 
(10 equivalents of aldehyde with respect to alkene) consists for 30% v /v  of aldehyde.
However, we favor a different explanation for the decreased reaction rate at high 
aldehyde concentration. It is important to note that the rate of reaction in Figure 3.5 w as 
measured by the formation of epoxide or CO2, in other words: when no epoxide or CO2 
is formed in the oxidation process in the reaction vessel, no reaction is observed. One
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such a process is the reaction of the aldehyde with the acylperoxy radical yielding a 
peroxy acid and an acyl radical (Scheme 3.3, eq. 10), thus propagating the autoxidation 
chain (i.e. conversion of aldehyde) without generating epoxide or CO2. Competing with 
this reaction is the oxidation of alkene by the acylperoxy radical (Scheme 3.1, eqs. 3-5) 
which does yield CO2 and epoxide which are measured and plotted in Figure 3.5. The 
relative rates of these two reactions, which depend on the alkene and aldehyde 
concentrations, determine the overall rate which is measured. When the aldehyde 
concentration is relatively high with respect to the alkene concentration, aldehyde 
oxidation is much faster than epoxidation (with CO2 formation) and an epoxidation rate 
of zero is eventually measured.
h 2o
R
3.3.3 Influence o f the metal catalyst on the Mukaiyama epoxidation.
Mizuno et al. have observed that the metal catalyst influences the ratio of epoxidation 
versus allylic oxidation, but that the nature of the metal has no effect on this ratio.22 Our 
cyclohexene oxidation experiments with various metal catalysts confirm that there is an 
influence of the metal catalyst, but contrary to Mizuno we find a dependence of the 
selectivity ratio on the nature of the metal, i.e. metals with a tendency for high oxidation 
states (iron, manganese) induce more allylic oxidation than metals which do not have 
such a tendency (nickel and copper). In Scheme 3.6 w e outline a catalytic sequence for 
nickel as the catalyst, which is supported by our observation, and which may be the main 
catalytic mechanism in the Mukaiyama epoxidation.
The N i11 catalyst takes part in the initiation of the catalytic (radical chain) cycle by 
forming a N iIII(OH) species, e.g. by reacting with a trace of peracid present in the reaction 
mixture in a similar way as proposed before by Kholdeeva et al. for Co11 (Scheme 3.6, eq. 
16).42 Pregosin and co-workers have shown that the subsequent formation of a carbonyl 
complex (eq. 17) is possible for Pd11 and Pt11 in the cyclometalation of quinoline-8- 
carboxaldehyde.43’44 With U V /V is we previously showed that at least one aldehyde 
coordinates easily to the nickel(II) complex,21 making equation (17) plausible. In the next 
step, this complex decomposes rapidly (eq. 18). Overall, equations (17) and (18)
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correspond to oxidation of the aldehyde to the acyl radical, a reaction that is known to 
proceed efficiently when the oxidizing agent is N im.45 With EPR spectroscopy we were 
able to show21 that only oxygen centered radicals are trapped in the reaction mixture 
which means that all carbon centered radicals formed in Scheme 3.6 are quickly trapped 
by dioxygen (Scheme 3.1, eq. 2). The formation of acyl radicals (eq. 18) is supported by 
the observation that at higher reaction temperatures CO is generated (see Scheme 3.3, eq. 
13), since at these high temperatures acyl radicals may decarbonylate sooner than they 
are trapped by O2.
The reaction sequence in Scheme 3.6 implies that the concentration of N im species 
in solution must be very low at any time. The colors of the reaction mixtures support this 
mechanism: in the case of nickel(II) or copper(II) catalysts no color changes are observed 
suggesting that no appreciable amounts of a highly colored N im or Cum are present.46 
Furthermore, no EPR signal was found in the reaction mixture,21 indicating that N iIII 
does not accumulate (NiII is EPR-silent, whereas N iIII complexes do exhibit EPR 
signals47).
On the other hand, iron, manganese and the other catalysts showed obvious color 
changes indicating the presence of large amounts of these metals in high valence states. 
These may be formed in reactions analogous to eq. (16). The high valent metal 
complexes formed in eq. (17) are more stable in these cases and do not decompose (eq. 
18) as quickly as the nickel complex. It is known that transition metal complexes in a 
high oxidation state are capable of abstracting allylic hydrogens (in contrast to their more 
reduced counterparts,48) after which allylic oxidation of the alkene substrate is obvious. A  
low concentration of oxidized transition metal complex in the solution as in the case of 
nickel means a low contribution of allylic oxidation and thus a high SR. Furthermore, 
the observed SR’s correlated with the Irving-Williams series of formation constants of 
complexes of divalent ions.49 N in and Cun have the highest formation constants and gave 
the highest SR’s, whereas Con, Fen, and Mnn, in order of decreasing formation constants, 
gave lower SR’s. The vanadyl ion cannot be placed in this series. This correlation 
indicates once more that the high-valence complexes of N i and Cu are much less stable 
than the high valent complexes of the other studied metals and will not be present in 
large amounts in the reaction mixture.
The uncatalyzed reaction produces only acylperoxy and carboxyl radicals 
(Scheme 3.1 and Scheme 3.2) which are much more likely to add to a double bond than 
to abstract an allylic hydrogen atom, thus giving a very high selectivity ratio in favor of 
epoxidation.
In an earlier study we proposed that the epoxidizing acylperoxy radical is 
stabilized by a N iJ species.21 It was assumed that in the initiation step, proton abstraction 
is accompanied by the uptake of an electron from the aldehyde by N iII, thus generating 
an acyl radical and N iI. In our discussion we suggested that an intermediate N iIII species 
would also be conceivable.21 From our present results, we may tentatively conclude that 
the latter possibility, i.e. N im, is more likely, although only as an elusive intermediate 
species.
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It may be expected that coordination of the aldehyde to the nickel center is 
hindered when the N i is 6-coordinate (i.e. as in 3a) which thus would slow down the 
reaction. Since the reaction with the square planar complex 3b is faster at low catalyst 
concentrations (Figure 3.6), it may be concluded that aldehyde coordination is influenced 
by the catalyst structure in solution.* The same figure shows that at higher catalyst 
concentration, the rate of the reaction goes down. This feature has been observed earlier 
by our group50 and also by Kholdeeva et al.,42’51 and is consistent with the radical 
autoxidation mechanism. Kholdeeva concluded that the observed dependence may be 
interpreted as being the result of the participation of the catalyst (Mn+) in a chain 
termination reaction, for example, when acylperoxy radicals react to form M(n+1)+-R C Ü 3-, 
which is inactive. Nickel(II) cyclam complexes have also been shown to exhibit this 
behavior.52 In our system, the monomeric complex 3b apparently is more efficient in 
trapping radicals than the (partially) trimeric complex 3a which becomes evident at 
higher catalyst concentrations. Interestingly, the concentration at which a negative effect 
of the nickel catalyst is observed is much higher than that of cobalt catalysts: 10-4 mol l-1 
for cobalt42’51 versus more than 2- 10-3 mol l-1 for nickel (Figure 3.6). Thus, nickel is 
fortunately under our conditions not an efficient chain terminating agent which allows us 
to use much higher concentrations of this catalyst to increase the reaction rate.
3 .4  C o n c l u s i o n
W e have shown that the aerobic epoxidation of limonene with nickel(II) P-diketonate as 
a catalyst and an aldehyde as co-reagent shows some unexpected and interesting features 
when studied in detail. First of all, low molecular weight alcohol and ketone (K + A) are 
formed in a less than 1:1 ratio (circa 50-60%) with respect to epoxide. Concomitant 
formation of carbon dioxide resulting from the decarboxylation of a carboxyl radical was 
detected quantitatively and also in a less than 1:1 ratio, as expected from Scheme 3.1 and 
Scheme 3.2. Important to note is that this ratio changes to a 1:1 ratio when the ratio of 
aldehyde to alkene is reduced from 3 to 1. The products (CO2, ketone and alcohol) are 
formed after radical epoxidation of alkene by an acylperoxy radical which is formed 
through autoxidation of aldehyde (Scheme 3.1). A  non-radical epoxidation pathway via a 
peracid route (Scheme 3.3) plays an appreciable role when the ratio o f aldehyde to alkene 
is 3:1. This produces carboxylic acid as the oxidation product from the aldehyde. Radical 
autoxidation becomes the exclusive pathway when the reaction conditions are altered to 
low aldehyde to alkene ratios, e.g. 1:1.
From the study of the oxidation of cyclohexene as substrate we conclude that the 
metal catalyst in the Mukaiyama epoxidation not only influences the initiation and the
* Note that in Figure 3.5 it appears as if there is only a slight difference in reaction rate between the two 
nickel catalysts. However, the nickel concentration at which these experiments were done corresponds to 
the point in Figure 3.6 where the lines cross, i.e. the observation of similar rates in Figure 3.5 is a 
coincidence.
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rate of the reaction, but also the selectivity for epoxide versus allylic oxidation products. 
Nickel(II) appears to be the best epoxidation catalyst in a series of metal salts and metal 
complexes tested as catalysts. This metal enhances the rate of oxidation with respect to 
the blank reaction and also gives the highest epoxidation/allylic oxidation ratio. In other 
words, for a substrate that is sensitive to allylic epoxidation, a N iII catalyst is the best 
choice in the Mukaiyama epoxidation. On the basis of this specific property of nickel(II), 
a catalytic mechanism is proposed for the action of the metal catalyst in the Mukaiyama 
epoxidation (Scheme 3.6). The main step in this mechanism is the formation of a high- 
valence metal-acyl complex, which is stable in the case of e.g. Fe or Mn and thus may 
abstract allylic hydrogen atoms from the alkene substrate inducing allylic oxidation of the 
latter. In the case of nickel, however, this complex is unstable and decomposes quickly, 
after which the acyl radical is oxidized to an acylperoxy radical which leads to 
epoxidation of the alkene.
3 .5  E x p e r i m e n t a l
3.5.1 Materials
Dipentene (RS-limonene, Aldrich, tech.), toluene (Baker, analytical grade) and cyclohexene (Aldrich, 99% 
or Fluka, 99.5%) were used as received. Dichloromethane (Baker, analytical grade), /-butyraldehyde 
(Aldrich) and 2-methylundecanal (Aldrich, 95%) were distilled before use. Bis{pentane-2,4- 
dionato}cobalt(II) (Co(acac)2), bis{pentane-2,4-dionato}nickel(II) (Ni(acac)2, 3a) and bis{3-(p-tert-butyl- 
benzyl)pentane-2,4-dionato}nickel(II) (3b) were prepared as described earlier50 and dried by azeotropic 
distillation from toluene. All other metal salts and complexes were commercial samples and were used as 
received. Oxygen and nitrogen gases were from Air Liquide and Hoek Loos and were used as received.
3.5.2 Instrumentation
The GC analyses were performed on a Varian 3800 instrument with a Supelco fused-silica capillary column 
(15 m length, 35 |j.m ID, df = 1.0) containing a FFAP stationary phase; data were analyzed with Varian 
Star 5.2 software. GC analyses of the cyclohexene oxidation products were performed with a Chrompack 
fused silica CP-Sil 5CB column (25 m length, 32 ^m ID, df = 1.2 ^m). GC-MS analyses were performed on 
a Varian Saturn II instrument with a Chrompack WCÜT fused silica capillary column (25 m length, 
25 ^m ID, df = 0.2 |j.m) containing a FFAP stationary phase (CP-Wax 58) using an ion-trap MS detector.
The epoxidation reactions were carried out in a Premex autoclave reactor with Hastelloy C276 wet 
parts, equipped with a HC276 Dean-Stark water separator, a 4-blade stirrer (max. 1500 rpm), a sintered 
HC276 gas-inlet (5 |j.m frit) and a sampling tube. The temperature was regulated with a Premex C-M2 
control unit to ±0.1° C. The nitrogen and oxygen gas inlet was regulated by mass-flow controllers (MFC’s) 
and could be controlled to ±0.1% v/v O2 in N2. The exhaust gas was cooled (-80° C at atmospheric 
pressure) to condense any vapor that was present. The gas was then analyzed for carbon dioxide and 
carbon monoxide with a Maihak Multor 610 CO2/CO analyzer (IR detection) and for oxygen content with 
a Servomex 570A O2 analyzer.
3.5.3 Epoxidation runs
A standard epoxidation run was performed as follows. Approx. 60 mmol of dipentene (a mixture of R- and 
S-limonene, 1) was accurately weighed and dissolved in 75 or 150 ml of toluene. This solution was loaded 
into the autoclave and the Dean-Stark cooler was filled with toluene. This mixture was equilibrated for at 
least one hour at 25.0° C under an atmosphere of approx. 8% v/v O2 in N2, total pressure 7 bar. No reaction 
was observed during this period. The autoclave was opened and Ni(acac)2 and aldehyde 4 or 5 
(corresponding to 0.1 mol% and 3 mol equivalents with respect to alkene respectively) were added quickly
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and the autoclave was closed and pressurized again. This point was taken as t = 0. During the reaction the 
pressure was kept at 7.0±0.1 bar, the temperature was 25.0±0.1° C, and the stirring rate was at 1500 rpm. 
Samples were taken regularly and analyzed with GC using 1,2,4-trichlorobenzene as the external standard 
and 2-(t-butyl)-4-methylphenol as a stabilizer for the samples. The oxygen content of the exhaust gas was 
registered and the CO2 and CO content were read on-line with a personal computer. The experimental 
error (deviations of the measuring apparatus) was much less than 1%.
The epoxidations of cyclohexene catalyzed by different metal complexes were performed in a glass 
vessel at room temperature. A 50 ml two-neck flask was loaded with 0.03 mmol of the appropriate metal 
complex, and subsequently equipped with a balloon, a septum, and a 1 cm magnetic stirring bar. The flask 
was thermostatted with a water bath at 25° C. The vessel was flushed with 100% O2 at least three times. A 
solution containing cyclohexene (0.30 M), 1,3-dichlorobenzene (0.25 M, internal standard), and 
/-butyraldehyde (0.84 M, Aldrich, redistilled quality) in dichloromethane was freshly prepared. Of this 
solution, 10 ml was injected in the vessel at t = 0. The reaction was stirred at 1200 rpm. Samples were 
taken regularly and analyzed with GC.
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Aerobic epoxidation of alkenes using polymer- 
bound Mukaiyama catalysts
Summary
Nickel(II) acetylacetonate anchored to polybenzimidazole is shown to be an efficient 
catalyst for the aerobic epoxidation of alkenes with an aldehyde as co-reactant. Rates of 
reaction and yields of epoxide are higher with this system than with dissolved 
bis(acetylacetonato)nickel(II) under otherwise identical conditions. The polymer-bound 
complex acts as a heterogeneous catalyst and can be recovered from the reaction mixture. 
Some loss of activity is observed upon re-use of the catalyst due to leaching of the metal 
complexes.
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4 .1  I n t r o d u c t i o n
The aerobic epoxidation of alkenes with a transition metal catalyst has been widely 
studied over the past decade. A  well known, efficient method of alkene epoxidation in 
solution is the so-called ‘Mukaiyama’ procedure described in this thesis, in which an 
unfunctionalized alkene is epoxidized very efficiently using a transition metal 
P-diketonate complex as catalyst, molecular oxygen as oxidant and an aliphatic aldehyde 
as co-reactant.1 For example, when bis(acetylacetonato)nickel(II) (Ni(acac)2) is used as a 
catalyst, and i-butyraldehyde as a co-reagent, aliphatic and cyclic alkenes can be 
converted into the corresponding epoxides with yields ranging from 72% (S-limonene) to 
96% (norbornene).2 Other metal P-diketonate complexes, e.g. Con(acac)2,3 Mnn(acac)2,3>4 
and Fem(acac)35 are effective catalysts as well. Transition metal complexes such as 
Schiff’s base complexes are also suitable for the aerobic epoxidation of alkenes with a co­
reacting aldehyde. For example, cobalt(II) Schiff’s bases give good results but these 
catalysts are not always selective for epoxidation.6-12 Manganese-salen complexes have 
been used for the enantioselective aerobic epoxidation of alkenes with molecular oxygen 
and aldehydes as reagents. Enantiomeric excesses (e.e.’s) as high as 92% are possible 
with this catalytic system.13-17
It has been reported in the literature that the epoxidation of alkenes by various 
oxidants can proceed very efficiently when a polymer-supported catalyst is used. Some of 
these catalysts are already applied in industry. For example, a partially Pd2+-exchanged 
sulfonic acid resin is already applied in the BP chemicals Etherol Process in which a 
mixture of alkanes and branched ethers is made for use in the blending of unleaded 
petrol.18 In most of the oxidation reactions catalyzed by polymer-supported complexes, 
hydroperoxides or related compounds were used as the oxidants. Aerobic oxidations with 
polymer-supported catalysts, however, are not widespread in the literature. An overview 
of the recent literature on polymer-supported catalytic oxidations by molecular oxygen is 
given below.
A  widely studied polymer support is polyaniline. Das and Iqbal19 prepared a 
supported cobalt(II) catalyst by simply mixing of polyaniline and cobalt(II)acetate 
followed by washing. Unfunctionalized alkenes could be epoxidized in 50% yield using 
this catalyst and molecular oxygen as oxidant and an aldehyde as co-reagent. 
Functionalized alkenes including esters, ketones, amines and amides, were also 
epoxidized, with yields ranging from 38% to 80%. The catalyst could be reused with only 
little loss of activity. Earlier, a polyaniline-supported heteropolytungstate had been 
prepared20 but this anchored complex was not used as a catalyst, although it is known 
that unsupported heteropolyacids are efficient catalysts for (aerobic) oxidations and have 
been studied as such.21-27
Cobalt complexes have been immobilized on polystyrene using various 
bipyridines (bipy’s)28 and Schiff’s bases as ligands.29 Using the former ligands to anchor 
the cobalt catalyst and molecular oxygen as oxidant, w-propylbenzene could be oxidized
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to phenylpropanol (24%) and ethylphenylketone (75%), and cyclohexene to the allylic 
alcohol and ketone (53.5% and 24.6% yield, respectively).28 The polymer supported 
SchifFs base complexes of cobalt and manganese were active in the catalytic oxidation of 
cyclohexene to the allylic alcohol, ketone, and peroxide. This alkene and other aliphatic 
alkenes were epoxidized with low conversions, and with selectivities ranging from 54% 
to 73%.29 Also nickel(II) complexes have been immobilized on polystyrene using bipy 
ligands.30 Aerobic oxidation of cyclohexene with this type of catalyst yields 10% of 
epoxide in addition to ca. 25% of allylic ketone and 50-60% of allylic alcohol.
An interesting anchored catalyst mimicking cytochrome P450 was prepared by 
Geier and Sasaki.31 They attached a metalloporphyrin to a peptide and linked this 
complex with the porphyrin side to a silica surface. It was hoped that binding of a 
substrate between the porphyrin and the peptide would lead to a shape selective 
oxidation reaction. Oxidations of arylalkenes using PhIO as the oxidant were indeed 
successful giving up to 100% yield of e.g. styrene epoxide and stilbene oxide. In some 
cases only aldehyde, or a mixture of epoxide and aldehyde were found as the products. 
In substrate competition experiments, some size selectivity was found. However, no 
stereoselectivity was measured.32
Canali et al. have immobilized Jacobsen’s chiral Mnm(salen) epoxidation catalyst 
by attaching the salen ligands covalently to a polystyrene or methacrylate based resin.33- 
35 Asymmetric epoxidation of 1-phenylcyclohex-1-ene could be achieved using m-CPBA 
as the oxidant. The yields were moderate and the ee’s were good (up to 49% and 95%, 
respectively).
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Table 4.1 Analytical data of polymer-bound metal complexes
Ni-1 Co-1 Mo-1 Ni-2 Ni-3 Ni-4
Metal loading (mmol g 1 resin) 0.33 0.28 1.78 1.36 1.26 0.44
Metal weight (mg g-1 resin) 19.4 16.5 26.8 79.8 74.0 25.8
% Metal 1.9 1.6 2.7 8.0 7.4 2.6
Ratio ligand : metal 9.8 : 1 11.6 : 1 1.8 : 1 2.6 : 1 2.5 : 1 9.1 : 1
%C
calculated: a 77.9 77.9 77.9 76.57 79.97 62.4
found: n.d. n.d. n.d. 65.8 65.6 54.0
%H
calculated: a 3.9 3.9 3.9 7.85 6.71 7.24
found: n.d. n.d. n.d. 7.0 6.1 7.0
%N
calculated: a 18.2 18.2 18.2 9.92 13.33 11.2
found: n.d. n.d. n.d. 5.3 6.7 4.1
a Calculated for the uncomplexed polymer. Decreased weight percentages after complexation 
indicate that the metal is complexed to the ligand.
The epoxidation of propene, octene and other alkenes with hydroperoxide using a 
polymer-bound MoVIO2(acac)2 complex as catalyst was shown by Miller et al. to be 
possible with yields up to 100%.36-40 Polybenzimidazole turned out to be the best support 
for the epoxidation of propene with t-butylhydroperoxide (TBHP) at high temperature 
and pressure.36 This polybenzimidazole (PBI, 1, Chart 4.1) resin is produced by the 
Celanese Corporation which has a patent on the synthesis.41 Also 1-octene could be 
epoxidized in quantitative yield, the reaction being slightly slower than the homogeneous 
oxidation with MoO2(acac)2 as a catalyst. The polymer-supported catalyst was stable in 
air up to 400° C and could be recycled without loss of activity.18,36 Other alkenes such as 
cyclohexene, styrene, methylenecyclohexane and vinylcyclohexene were also epoxidized 
efficiently with PBI-Mo and TBHP.37 Cyclohexene yielded epoxide and allylic alcohol as 
the main products. PBI complexes of other transition metal P-diketonate complexes, 
including copper(II), manganese(III), iron(III), ruthenium(III) and titanium(IV), were 
also prepared and tested in the oxidation of cyclohexene with t-butylhydroperoxide.42 
Copper and manganese catalysts gave allylic oxidation in a radical reaction in which 
both molecular oxygen and TBHP were consumed. PBI-Fe catalyzed allylic oxidation 
but also induced the formation of some epoxide and t-butylcyclohex-2-enyl peroxide. 
PBI-Ru and PBI-Ti gave substantial amounts of cyclohexane-1,2-diol in addition to the 
other allylic oxidation products and epoxide. Under anaerobic conditions, PBI-Ti and 
t-butylhydroperoxide gave very selectively cyclohexene epoxide from cyclohexene, 
although at lower rates than reported for PBI-Mo. With the latter catalyst, TBHP levels 
could even be reduced to equimolar amounts,39 while usually 1.5 to 2 equivalents of 
hydroperoxide are required. An overview of polymer-supported alkene epoxidation 
catalysts has been published recently by Sherrington.40
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An exhaustive structural analysis on two polymer-supported metal complexes has 
been performed by Leinonen et al..38 The syntheses of molybdenum complexes of 
polybenzimidazole (PBI, 1) and a polystyrene resin carrying an A-(2-hydroxy- 
propyl)-2-aminomethylpyridine side chain, (2) were described and the anchored 
compounds were analyzed for elemental composition. The morphological properties of 
the polymers such as porosity and the electronic spectra of the anchored complexes were 
measured and structures for the catalysts are proposed. It was concluded that the Mo 
center is complexed to two nitrogen ligands and still contains two oxo ligands and is 
^-oxo-bridged with another Mo center. The active oxidizing species after pre-treatment of 
the catalyst with TBHP was proposed to be a MoO2-peroxide species.
A  robust polymer-bound catalyst for the aerobic epoxidation of alkenes under 
Mukaiyama’s conditions would be an interesting alternative for the epoxidation catalysts 
described above. It should have the high activity of a homogeneous catalytic system and 
the advantages of filtration and re-usability of a heterogeneous catalysts. W e present our 
first studies aimed at the development of such a catalytic system in this chapter.
4 .2  R e s u l t s
4.2.1 Description o f the polymer complexes
Four different commercial resins were used to prepare polymeric complexes: 
polybenzimidazole resin (1) (250-500 |im diameter, microporous, toluene uptake 1.1 g g 1 
dry resin, a gift from Hoechst Celanese), Dowex resins (2 and 3, Chart 4.1, Dow  
Chemical Company) and the BP resin 4 (Chart 4.1, a gift from BP). Using Ni(acac)2, 
Co(acac)2 and MoO2(acac)2, the polymeric complexes Ni-1, Co-1 and Mo-1 were 
prepared. A  first indication for the successful incorporation of the metal complex into the 
resin is the altered elemental analysis; a decreased weight percentage of organic material 
after complexation indicated the presence of a metal (Table 4.1). The metal contents were 
determined by ICP-AES, these results are included in Table 4.1. The metal loadings of 
Ni-1 and Co-1 are rather low when compared with the molybdenum analogue. The 
reason for this is not known. From the other resins, only N iII(acac)2 complexes were 
prepared: Ni-2, Ni-3 and Ni-4. The metal loadings of these anchored complexes are low  
to reasonable compared to, for example, Mo-2 which was reported to contain 2.0 
mmol g-1 of metal.38 All complexes were tested in the aerobic epoxidation of S-limonene, 
as will be described below.
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Table 4.2 Aerobic epoxidation of S-limonene with various polymer- 
bound catalystsa
Entry Catalyst 
(see Chart 4 .1)
Substrate Conversion
(%)
Yield of 
epoxide (%)
1 PBI-Ni S-limonene 93 74
2 PBI-Nib 96 73
3 PBI-Co 99 61
4 PBI-Mo ,, 0 0
5 DowexA-Ni ,, 51 31
6 DowexB-Ni 0 0
7 DowexA-Nic 75(100) 49 (25)
8 DowexB-Nic ,, 50 (100) 46 (73)
9 BP-Ni ,, 0 0
10 BP-Nic 17(100) 11 (44)
11 Ni(acac)2 70 65
12 nonec ,, 94(100) 45 (13)
13 PBI-Ni a-pinene 100 88
14 PBI-Ni 1-octene 88 52
15 PBI-Ni styrened 43 23
a Reaction conditions: 5 ml CH2Cl2, 1 mmol substrate, 3 mmol /-butyraldehyde,
25.0° C, O2-filled balloon, 4 hrs. b Epoxidation at high pressure (see Experimental):
150 ml toluene, 60 mmol substrate, 180 mmol /-butyraldehyde, 25.0° C, 7 bar 
pressure, 8% O2 in N2, 18 hrs. c As in b, but at 45.0° C, ~2 hrs. (in parentheses:
18 hrs). d 2,3-Dimethylvaleraldehyde was used instead of /-butyraldehyde.
4.2.2 Catalytic activity o f  the complexes
The results of limonene epoxidation using the anchored complexes as catalysts after 
4 hours reaction time are collected in Table 4.2. It can be seen that the polymer-bound 
catalyst PBI-Ni is more active (entry 1) than the homogeneous catalyst (entry 11) and 
also displays better selectivity toward formation of limonene oxide. PBI-Co is also very 
active but somewhat less selective (entry 3). PBI-Mo is not active at all with oxygen as an 
oxidant. N o reaction was observed without catalyst at ambient temperature or with PBI 
resin without an attached metal complex. Neither did the reaction proceed when the 
aldehyde co-reactant was absent. However, at 45° C in the autoclave set-up, the reaction 
did proceed without catalyst after a variable induction period of approximately 50-100 
minutes (entry 12).
The main product of limonene epoxidation was in all cases the 1,2-epoxide, /.e. 
the endocyclic epoxide. The isopropenyl group was found to be much less reactive 
toward epoxidation under the present conditions, in agreement with our earlier studies 
using the corresponding homogeneous nickel catalyst.2 GC analysis showed the 1,2- 
epoxide to be a 60/40 mixture of the c/s and trans isomers. In all cases the main by­
Aerobic epoxidation of alkenes using polymer-bound Mukaiyama catalysts 89
product of the reaction was the 7,8-epoxide in yields to 10%, depending on the 
conditions. Diepoxide formation (at the cost of the 1,2-epoxide) was observed when the 
epoxidation was run for a long period of time (more than 5 hours). Otherwise, the 
diepoxide was formed in less than 1%. Some other byproducts of the reaction included 
carveol and unidentified isomers of carveol, all in small amounts up to 1%.
The differences between the various polymer resins used as the supports are 
shown in entries 1, 5, 6 and 9. Apart from PBI, only the DowexA polymer is a suitable 
support for the Ni(acac)2 catalyst under ambient conditions, although the epoxidation 
reaction proceeds less selectively and more slowly than with PBI-Ni. It is understandable 
that the BP resin is not an effective support for the catalyst (entry 9) since it contains a 
secondary amine which has been observed to inhibit aerobic epoxidation using N iII and 
an aldehyde (see Chapter 2 of this thesis). It is not clear why the DowexB resin does not 
afford an active catalyst. Possibly the two pyridine ligands are so tightly bound to the N in 
center that the reaction is prevented. It is known that addition of an excess of pyridine to 
a reaction mixture containing Ni(acac)2 completely inhibits the oxidation reaction2 since 
under these conditions two pyridine molecules coordinate to the N iII center and block it 
for reaction. The DowexA resin has only one pyridine ligand which seems to diminish 
the reactivity of the N i center, but not to completely inhibit the reaction.
At higher pressure in the autoclave set-up the reactivity of the polymer-bound 
catalysts was quite different (Table 4.2, entries 2, 7, 8 and 10). Using PBI-Ni, S-limonene 
could be oxidized efficiently at 25° C and 7 bars pressure (entry 2). Rather remarkably, 
the other three supported catalysts were not active at 25° C and the temperature had to be 
raised to 45° C in order to obtain some catalytic activity. The uncatalyzed (free radical) 
reaction at 45° C (entry 12) displayed a similar epoxidation selectivity as DowexA-Ni 
(entry 7), whereas DowexB-Ni and BP-Ni (entries 8 and 10) were less active and 
selective. W e conclude, therefore, that the latter two polymer supports inhibit the 
reaction as was already suggested on the basis of the results at atmospheric pressure (v/de 
infra). The selectivity of these catalysts is very low at high conversions due to the applied 
high temperature which favors uncatalyzed free radical oxidations to occur at the 
expense of a catalyzed reaction.
Some other alkenes were also tested as substrates for the aerobic epoxidation 
using the most active complex PBI-Ni as catalyst (Table 4.2, entries 13-15). The 
epoxidation of a-pinene and 1-octene was very efficient. Styrene epoxidation, however, 
was slow and polystyrene polymers were probably formed as side products of the 
reaction as expected when styrene is subjected to the applied conditions.
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Time (min.)
Figure 4.1 Effect of filtration of the 
catalyst in the epoxidation of S-limonene 
with Ni-1. Conditions: 5 ml of CH2Cl2, 
1 mmol of S-limonene, 3 mmol of 
z-butyr aldehyde, 1 mol% N i11, 25° C, 
O2-filled balloon, filtration (glass funnel) 
after 120 min. (at 50% conversion).
Time / min.
Figure 4.2 Re-use of the Ni-1 catalyst. 
Conditions: 5 ml of CH2Cl2, 1 mmol of S- 
limonene, 3 mmol of z-butyraldehyde, 1 
mol% N i11, 25° C, O2-filled balloon. a: 
Fresh Ni-1 catalyst, b: 2nd run with same 
batch of Ni-1 catalyst.
4.2.3 Re-use o f the polymer catalysts
The PBI-Ni catalyzed epoxidation of S-limonene was shown to be heterogeneous (Figure
4.1) since the reaction stopped immediately when the polymer catalyst was filtered off. 
The filtered reaction mixture was analyzed for nickel content using atomic absorption 
spectroscopy (ICP). It appeared that ~20% of the original N i11 present on the polymer had 
leached into the solution, but this unidentified N i species was not active as an 
epoxidation catalyst. Clearly, the ligand environment o f N i11 is very important for the 
catalytic activity. ICP analysis of the used polymer confirmed the ~20% loss of nickel 
content. When the used PBI-Ni was washed with CH2Q 2 and tested again in a second 
epoxidation run, only 30% of the original epoxidation activity was left (Figure 4.2). This 
is in contrast to a MoVI loaded PBI support which has been shown to be very thermo- 
oxidatively stable and to retain activity on recycling.18,38 The N in loaded resin described 
here appears not to be as stable towards oxidative radical conditions.
The other polymer supported nickel(II) complexes were also tested for leaching 
during the aerobic epoxidation experiments (Table 4.3). The experiment with Ni-1 was 
repeated while the mixture was stirred more carefully with an overhead stirrer instead of 
a magnetic stirring bar. This time, leaching was considerably less (3.6%, Table 4.3, entry 
1). One possible reason is that in this experiment less polymer particles are damaged. The 
other nickel(II)-polymer complexes were tested for leaching in the epoxidation reaction 
of S-limonene using the same stirring conditions. As can be concluded from Table 4.3 
leaching of nickel is considerable in all reactions that showed good epoxidation activity. 
The best results thus are obtained with PBI-Ni which has better activity than the 
homogeneous counterpart Ni(acac)2 (see Chapters 2 and 3) and only minor leaching of 
N iII when carefully stirred.
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Table 4.3 Metal leaching from polymer anchored nickel 
complexes in the epoxidation of S-limonene
Experimenta ^mol N i11 (in)b ^mol N i11 (out)b Leaching (%)
1 11.1 0.401 3.6(±0.2)
2 59.8 13.0 22(±7)
5 12.2 2.33 19.1(±1.0)
6 10.4 1.76 16.9(±0.1)
7 59.9 6.14c 10(±4)
8 62.7 n.d.
9 10.0 0.180 1.8(±0.09)
10 60.7 4.54 7.5(±0.7)
a See Table 4.2 for entry no. and experimental details. b ‘In’ denotes the amount 
of nickel in the polymer at the start of the reaction. ‘Out’ is the amount of nickel 
leached into the reaction mixture after the reaction. c Determined for a reaction 
at 25° C instead of 45° C. Other conditions are identical to those in Table 4.2.
The polymer-catalyzed epoxidation was found to display the same features as the 
homogeneous Ni(acac)2 catalyzed reaction.2 First, addition of the radical trapping 
reagent (2-i^ri-butyl-4-methylphenol) during the reaction immediately inhibited the 
epoxidation. The presence of this reagent at the start of the reaction prevented 
epoxidation to occur at all. Second, a mixture of cis- and trans-stilbene oxide was 
obtained when cis-stilbene was used as the substrate. This means that the epoxidation 
reaction takes place in two steps as observed with autoxidation chemistry, and not via a 
concerted peracid mechanism. Finally, the reaction did not proceed in the absence of a 
branched aliphatic aldehyde, and without a N i catalyst present it proceeded only very 
slowly after addition of m-CPBA. These factors point to a radical reaction via the same 
mechanism as the Ni(acac)2-catalyzed reaction in homogeneous solution.
The experiments with the polymer anchored catalysts presented above demonstrate 
that the ligand environment of the N iII catalyst in the aerobic epoxidation using the 
Mukaiyama system is crucial. This supports our earlier proposal2 that the reaction largely 
proceeds in the coordination sphere of the N in center.
4 .3  C o n c l u s i o n s
The polymer-supported nickel(II) complex PBI-Ni turns out to be a very active and 
selective catalyst for the epoxidation of alkenes under the Mukaiyama conditions. The 
epoxidation of S-limonene proceeds more efficiently and gives a higher yield whith the 
PBI-Ni catalyst than with the soluble Ni(acac)2 catalyst. The reaction is heterogeneous 
and the catalyst can be recovered from the reaction mixture. Unfortunately, upon 
regeneration of the polymer-supported nickel complex, the catalyst loses some activity 
which is due to leaching of some metal complex which is inactive once it is in solution. 
Further studies should be aimed at reducing this leaching effect.
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4 .4  E x p e r i m e n t a l
4.4.1 Materials
CH2Cl2 was dried over CaCl2 and distilled from CaH2 under dry nitrogen and stored over molecular sieves. 
All other solvents and the aldehydes were distilled before use. Oxygen was obtained from Air Liquide. All 
alkene substrates were commercial samples (Aldrich or Fluka, 96-98%) and were purified by vacuum 
distillation. Epoxide products were identified using gas chromatography and were compared to authentic 
samples. Ni(acac)2 was purchased from Fluka (95%). PBI resin 1 was a gift from Hoechst-Celanese, 
DowexA and DowexB resins (2 and 3) were from Dow Chemical company and BP resin 4 was from BP 
company.
4.4.2 Instrumentation
GC analyses were performed on a Varian 3800 instrument with a Supelco fused-silica capillary column 
(15 m length, 35 im ID, df = 1.0) containing a FFAP stationary phase. Data were analyzed with Varian 
Star 5.2 software. Metal analyses were carried out by Inductively Coupled Plasma Atomic Emission 
Spectroscopy (ICP-AES) using a Spectroframe instrument (Spectro Analytical Instruments). A 500 ppb 
nickel(II) nitrate solution in dilute nitric acid (Spectrosol, BDH Chemicals) was used as a standard.
4.4.3 Preparation o f the polymer-supported complexes
Each of the four resins (PBI 1, DowexA 2, DowexB 3 and BP 4) were stirred overnight in aqueous 1 M 
NaOH, washed with H2O until neutral, then extracted in a Soxhlet apparatus with acetone (24 hrs.) and 
finally dried under vacuum. The attachment of the catalysts was achieved by refluxing a mixture of the 
resin with an excess of the appropriate M(acac)n complex in toluene (50 ml) for 48 hrs. The resulting resins 
were purified by Soxhlet extraction with toluene for 48 hrs. and then dried in vacuo at 40° C (48 hrs.). Metal 
contents were determined by microanalysis or ICP-AES. The results of all metal analyses and 
microanalytical analyses are summarized in Table 4.1.
4.4.4 Catalytic epoxidations
Epoxidation at ambient conditions. Alkene (1 mmol), aldehyde (3 mmol), and the appropriate amount of 
polymer complex corresponding to 0.01 mmol of metal as the catalyst, were stirred (1000 rpm) in CH2Cl2 
(5 ml) at 25.0±0.5° C under 1.0 atm. of oxygen. Unless indicated otherwise, the experiments were carried 
out with S-limonene as the substrate and isobutyraldehyde as the co-reagent. The catalytic reaction was 
followed by monitoring the disappearance of the substrate and the appearance of product(s) as a function of 
time with gas chromatography using 1,2,4-trichlorobenzene as the external standard.
Epoxidation at high pressure. The epoxidation reactions were performed in a Premex autoclave reactor with 
Hastelloy C276 wet parts, equipped with a HC276 Dean-Stark water separator, a 4-blade stirrer (1500 
rpm), a sintered HC276 gas-inlet (5 (im frit) and a sampling tube. The temperature was regulated with a 
Premex C-M2 control unit to ±0.1° C. Nitrogen and oxygen gas inlet was regulated by mass-flow controllers 
(MFC’s) and could be controlled to ±0.1% v/v O2 in N2. After depressurizing, the exhaust gas was cooled 
(-80° C) to condense any vapor that was present. The gas was then analyzed for carbon dioxide and carbon 
monoxide with a Maihak Multor 610 CO2/CO analyzer (IR detection) and for oxygen content with a 
Servomex 570A O2 analyzer. Dipentene (60 mmol, a mixture of R- and S-limonene) and toluene (150 ml) 
were loaded into the autoclave and the Dean-Stark cooler was filled with toluene. This mixture was 
equilibrated for at least 1 hour at 25.0° C in an atmosphere of 8.5% v/v O2 in N2 (7 bar total pressure). No 
reaction was observed during this period. The autoclave was opened and the appropriate amount of 
polymer-bound catalyst (0.06 mmol, 0.1 mol% of metal catalyst), and i-butyraldehyde (180 mmol) were 
added quickly and the autoclave was closed and pressurized again. This moment was taken as time t = 0. 
During the reaction the pressure was maintained at 7.0±0.1 bar and the temperature at 25.0±0.1° C. The 
stirring rate was 1500 rpm. Samples were taken regularly and analyzed with GC using 1,2,4- 
trichlorobenzene as the external standard and 2-t-butyl-4-methylphenol as a stabilizer (radical trapping 
agent).
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A-Hydroxyphthalimide /  cobalt(II) catalyzed 
benzylic oxidations
Summary
A  variety of (substituted) aryl glyoxylates is formed in good to excellent yield under very 
mild conditions by direct oxidation of the corresponding aryl acetic esters or mandelic 
acid esters by molecular oxygen and Achydroxyphthalimide/cobalt(II) acetate as catalyst. 
Heteroaromatic analogs are more difficult to oxidize with this system. The effect of 
substitution in the aromatic ring of A'-hydroxyphthalimide on the oxidation of 
ethylbenzene has been studied. Electron withdrawing substituents on the aromatic ring of 
NHPI accelerate the oxidation of ethylbenzene and promote the formation of 
acetophenone. Electron donating substituents lead to decreased rates of oxidation and 
enhance the selectivity for the intermediate product 1-phenylethanol.
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5 .1  I n t r o d u c t i o n
5.1.1 Industrial perspective
The selective oxidation of organic substrates using dioxygen (molecular oxygen) as the 
ultimate oxidant is a very important synthetic and industrial goal. With respect to its use 
in the manufacture of organic chemicals, catalytic oxidation with dioxygen traditionally 
holds a very prominent place in the petrochemical industry, where it is by far the most 
important technology for the upgrading of hydrocarbons.1 The dominant position of 
dioxygen as the oxidant for bulk chemical oxy-functionalizations is due to the fact that it 
is the only economically and environmentally feasible oxidant for large scale processing. 
In contrast, even though dioxygen is ideal from an economic and environmental point of 
view and the need for the development of sustainable processes steadily increases, there is 
a lack of applications o f catalytic oxy-functionalizations in the fine-chemical business and 
one is still heavily dependent on the use of stoichiometric oxidants, such as 
permanganate and dichromate. One of the reasons for this is that the high molecular 
complexity o f fine-chemical substrates usually is not compatible with the rather forcing 
reaction conditions (high temperature and pressure) required for traditional oxidations 
with dioxygen. The latter processes are generally not very selective and accordingly only 
suitable for the oxidation of relatively simple substrates. Another problem associated with 
traditional dioxygen oxidations which hampers its application in fine-chemical 
manufacture is the low conversion that is usually required in order to obtain acceptable 
selectivities. Such low conversion processes are generally best carried out in dedicated, 
continuous plants commonly found in the bulk industry, but they are rarely compatible 
with the batch production facilities that are common in the fine-chemical industry. Thus, 
within the fine-chemical industry there is a need for selective oxy-functionalizations 
which proceed with high converstions under mild conditions using dioxygen as the 
terminal oxidant.
5.1.2 Overview o f the literature
In the 1950’s the preparation of phenylglyoxalic acid was reported for the first time in the 
Russian literature. By oxidation of methyl phenylacetate with air and in the presence of a
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Figure 5.1 Classical cobalt/bromide oxidation 
versus NHPI mediated oxidation of hydrocarbons.
cobalt(II) salt at 110° C, Sergeev and Sladkov obtained 86% of the glyoxylate after 36 
hours.2'5 This sluggish method was only improved in the 1990’s when an efficient 
catalytic method for the low-temperature oxygenation of organic substrates with 
dioxygen was developed by Ishii et al.6 using Achydroxyphthalimide (2-hydroxy- 
1#-isoindole-1,3-dione, NHPI, 1a, Chart 5.1) as a catalyst and a metal salt as co-catalyst. 
With this system, organic compounds containing sufficiently reactive C-H bonds, e.g. 
(cyclic) alkanes,7 alkylbenzenes,8 and other aromatic compounds containing benzylic 
functions6,9 have been oxidized at moderate temperatures up to high conversion. Sulfides 
can be oxidized to sulfoxides using the same method.10
Only very recently NHPI in combination with dioxygen was used to oxidize 
ethylphenylacetate to ethylphenylglyoxylate.11 With t-Bu4NBr as an additive, moderate 
conversions (65%) were achieved (without the use of a metal salt). With 
bis(acetylacetonato)cobalt(II) (Co(acac)2) in the absence of the quaternary ammonium 
bromide salt, a low conversion was reported. Only one other example in which an aryl 
acetate is oxidized using molecular oxygen is known in the literature, viz. in the synthesis 
of (±)-clavizepine.12 To oxidize ethyl-2-[2(benzyloxy)phenoxy]-4,5-dimethoxyphenyl 
acetate, lithium diisopropylamine (LDA) and molecular oxygen were used in 
combination with hexamethylphosphoric triamide (HMPA) in THF to obtain the 
corresponding glyoxylate in 63% yield, with concomitant formation of 14% of the 
a-hydroxyester. Oxidations using hydroperoxides are known in combination with for 
example a vanadium catalyst.13 The yields of these oxidations vary from 24% (p-nitro 
substituted) to 88% (p-methoxy substituted) glyoxylate.
5.1.3 A im  o f this study
The cobalt salt/NHPI system of Ishii resembles the classical Co/Br catalyzed oxidation 
of hydrocarbons1 in the sense that under oxidative conditions, NHPI is converted into its 
corresponding radical phthalimide-A'-oxyl (PINO 2, Chart 5.1), which, like bromine 
atoms formed from bromide in the Co/Br system, is able to abstract hydrogen atoms 
from C-H bonds, thus propagating the radical oxidation chain (Figure 5.1). However, in 
contrast to bromide catalysis, A-hydroxyphthalimide-based oxidation catalysis offers the
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Chart 5.2
possibility to tune the catalyst performance by modifying NHPI via introduction of 
substituents on the aryl ring.
In addition to studying variations of the NHPI catalyst, we wished to study 
different substrates in order to investigate the scope and limits of the oxidation procedure. 
W e started our study by studying substrates that are challenging for industrial purposes 
such as benzylic oxidation of phenylacetic esters and heteroaromatic compounds.
3 4 5
RR
7 8
5 .2  R e s u l t s
5.2.1 Oxidation o f aryl acetic esters
W e investigated the aerobic oxidation of a wide range of aryl acetic esters (Chart 5.2), 
using NHPI/cobalt(II) acetate (Co(OAcV 4 H2O) as a catalytic system (Table 5.1). It can 
be seen from this table that the benzylic position of aryl acetic esters can be oxidized very 
efficiently. Remarkably, the conversion and selectivity towards glyoxylate exceed those 
obtained with the NHPI/Co(acac)2 aided system used by Matsunaka et al..11 It is 
important to note that, while the reaction time is longer, the temperature is much lower 
in our case (40° C instead o f 80° C).
Yoshino et al. have investigated the influence of aryl substituents on the reactivity 
of the substrate.8 In the reaction of substituted toluenes with 5% NHPI, 0.5% Con(OAc)2 
and molecular oxygen, they found that a p -Cl substituent retards the oxidation with 
respect to unsubstituted toluene (47% conversion after 24 hours instead of 52%), whereas 
a p-methoxy substituent greatly accelerates it (89% conversion after 24 hours). As can be 
seen in Table 5.1, also in this study an electron donating substituent such as a 
methoxygroup at the para position of the substrate is shown to have a positive effect on 
the yield of glyoxylate (entry 2 versus entry 5). It is interesting to note that oxidation of
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Table 5.1. Benzylic oxidation of aryl acetic esters by 
N H PI/C o11 and O2a
Entry Substrate Product Conversionb Yieldb
1 3a 4a 15 0
2 3b 4b 100 99
3 3c 4c 9 0
4 3d 4d 12 0
5 5a 6a 100 73c
6 5b 6b 11 0
7 5c 6c 100 99
8 5d 6d 100 46
9 7b 8b 87 87
10 7c 8c 100 99
a Reaction conditions: 10 mmol of substrate in acetic acid (10 ml),
10% NHPI, 0.5% Con(OAc)2- 4H2O, O2-filled balloon, 40° C. 
b Conversion and yields in % after 24 hrs., determined by GC. 
c Yield calculated from 1H-NMR spectra after isolation of the crude 
product. d Sole other product is (4-carboxyphenyl)acetic ester (36%).
5a using 3-F-NHPI (1d) yields 6a in 81%, which is higher than with NHPI itself (73%). 
An electron withdrawing substituent (i.e. Br) in the para  position of the substrate 
suppresses the oxidation of the benzylic position very effectively (entries 4). Any 
substituent ortho with respect to the acetic ester functionality inhibits oxidation 
completely (entries 1, 3, and 6). Steric influences are probably the reason for this effect, 
since both electron withdrawing and donating substituents display the same effect.1,14
Virtually no difference was found in the reactivity of otherwise identical methyl 
and ethyl esters (entries 2 and 7). A  methyl group on the aromatic ring can itself be 
oxidized but entry 8 in Table 5.1 shows that the benzyl-CH2 in 5d is more easily oxidized 
(64%) than its methyl group (36%). Doubly oxidized products were not found.
Mandelic esters were also used as substrates to investigate the oxidation of a 
possible side product or intermediate in the formation of the glyoxylates. Entries 9 and 10 
show that mandelates can be oxidized very efficiently to glyoxylates, and thus may be 
intermediates in the oxidation of aryl acetates to these compounds.
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Table 5.2 Benzylic oxidation of heterocyclic acetic esters with N H PI/C o11 and 
O2
Entry Substrate Reaction conditionsa Product (Yield, %)
1 9 0.8% Con, 16% NHPI, 72 hrs. --
2 10 3 % Con, 15% NHPI, 48 hrs. --
3 11 0.5% Con, 10% NHPI 12 (18)
4 11 0.5% Con, 20% NHPI 12 (22)
5 13 3% Con, 10% NHPI, 16 hrs., 40° C 14 (21)
6 13 0.5% Con, 10% NHPI, 16 hrs. 14 (14)
7 13 0.5% Con, 10% NHPI, 40° C, 16 hrs. 14 (6)b
a The following general reaction conditions were applied:, 10 ml of acetic acid and 10 mmol of 
substrate, and the indicated amounts of NHPI and Con(OAc)2- 4H2O (in mol%) were vigorously 
stirred under an oxygen atmosphere at 80° C for 24 hrs. b Other variations in reaction conditions 
for the oxidation of 13 were applied, but none were successful in increasing the yield of the 
oxidized product.
5.2.2 Oxidation o f heteroaromatic substrates
Nitrogen or sulfur in a five membered aromatic ring may be regarded as an electron 
donating substituent, and facile benzylic oxidation may be expected. In a six-membered 
ring (e.g. pyridine), the electron withdrawing effect of the heteroatom makes the ring 
positively polarized and hydrogen abstraction will be more difficult (see also the 
Discussion section). Since we were interested in expanding the scope of the catalytic 
system, especially towards heteroaromatic compounds, four industrially relevant 
heteroaromatic substrates related to aryl acetic esters (9-11 and 13) were chosen. The 
results of their reactions with N H PI/C oII/O 2 are shown in Table 5.2. It is indeed 
observed that a pyridine ring deactivates the benzylic position to an extent that no 
conversion takes place, as was predicted. The thiophene and thiazole heterocycles, 
however, were also found to be relatively unreactive towards benzylic oxidation when 
compared to the carbocycles such as ethyl phenyl acetate. It is possible that a nitroxide or
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Table 5.3 Oxidation of ethylbenzene by Co11 in the presence of different 
A-hydroxyphthalimides as co-catalystsa
Entry Catalyst Conversion
(%)
Yield 
(acetophenone, %)
Yield 
(1-phenylethanol, %)
1 1a 94 85 2
2 1b 95 87 2
3 1c 93 82 3
4 1d 96 88 2
5 1e 82 68 4
6 1f 80 59 5
7 1g 10 3 0
8 1h 7.5 4 2
aReaction conditions: 10 mmol ethylbenzene, 0.5 mmol (5%) 1, 0.05 mmol (0.5%) 
Con(OAc)2- 4H2O, 10 ml acetic acid, O2-filled balloon, 80° C, 24 hrs., vigorous stirring.
sulfoxide is formed which deactivates the substrate for oxidation. Also, coordination of 
the sulfur or nitrogen atoms of the substrate to the cobalt catalyst can occur, which will 
have a detrimental effect on the outcome of the reaction.
5.2.3 Catalytic activity o f  substituted N H PI’s
The substituted A-hydroxyphthalimides 1a-h were used as catalysts together with 
Co(II)(OAc)2- 4H2O in the oxidation of the model substrate ethylbenzene. In Table 5.3 
the yields of the reaction products after 24 hours, when conversion is essentially 
complete, are presented. It can be seen that N O 2-substituted NHPI’s 1g and 1h are 
inactive. A  possible explanation may be the ability of a nitro group to act as a radical 
scavenger. As the reaction is believed to be radical in nature this could quench the 
oxidation. Similarly, Yoshino et al.8 have observed a negative influence of nitro groups 
on their reaction system when substrates with N O 2-groups were used. Blank reactions 
were run with only Con or only NHPI (1a) as catalysts. The former reaction yielded 2% 
of ketone and 1% of alcohol, the latter 5% and 2% of these products, respectively.
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Figure 5.2 Formation of acetophenone and 1-phenylethanol at low conversions with two 
different NHPI catalysts. For reaction conditions see Table 5.3. Explanation o f symbols: 
(—) NHPI 1a as co-catalyst, (---) 3-OMe-NHPI 1e as co-catalyst, (□, ■) acetophenone, 
(A, ▲) 1-phenylethanol.
0 50 100 150 200 250 300 
Time (min.) Time (min.)
Figure 5.3 Oxidation of ethylbenzene using different substituted NHPI catalysts. Left: 
formation of 1-phenylethanol; right: formation of acetophenone. For reaction conditions 
see Table 5.3. a: NHPI 1a, b: 3-Me-NHPI 1b, c: 4-Me-NHPI 1c, d: 3-F-NHPI 1d, e: 3- 
OMe-NHPI 1e.
Since the differences in catalyst activity did not stand out very well at high 
conversions, we decided to investigate the product distribution at low conversions, to 
study possible effects of the substituents in the NHPI co-catalysts. The formation of 
1-phenylethanol and acetophenone during the first fifty minutes were measured and the 
results were analyzed graphically (Figure 5.2). The same was done for the first five hours 
of the reaction (Figure 5.3). Several NHPI co-catalysts (see Chart 5.1) were used. A  
number of interesting observations can be made from the plots. First, it can be seen that 
both 1-phenylethanol and acetophenone are formed in a 1:1 ratio (ketone to alcohol 
ratio, K /A  = 1.0) in the first 20 minutes of the oxidation reaction (Figure 5.2). This 
means that the ketone does not only evolve from oxidation of the alcohol (as was shown
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Figure 5.4 Transition state for the abstraction of a 
hydrogen atom by the PINO radical from ethylbenzene
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Scheme 5.1
by using mandelic esters as substrates, which were oxidized to the corresponding 
glyoxylates, vide infra), but is also formed directly. In a later stage of the reaction ketone is 
formed from 1-phenylethanol as can be concluded from the decreasing amount of alcohol 
after approximately one hour reaction time (Figure 5.3). Secondly, the fluorinated NHPI 
is a more active co-catalyst than the other NHPI’s. With this co-catalyst, acetophenone is 
produced at the cost of the yield of 1-phenylethanol. Overall, the electronwithdrawing 
fluorine substituent enhances the catalytic activity of the NHPI and thus the rate of the 
reaction. On the other hand, the methoxy substituted NHPI’s 1e (Figure 5.3) and 1f 
(Table 5.3) decrease the reaction rate and at the same time favor the formation of alcohol 
in the early stage of the reaction. The mildly donating methyl substituents in 1b and in 1c 
slightly decrease the reaction rate with respect to the unsubstituted catalyst, as expected.
5 .3  D i s c u s s i o n
A mechanism for the catalytic oxidation of toluene with NHPI, Co11 and O2 has been 
proposed by the group of Ishii.8 9 It involves the formation of the phthalimide-A-oxyl 
radical 2, and the subsequent abstraction by this radical of a hydrogen atom from the 
substrate as the initiating steps. After this, the substrate radical R- reacts rapidly with O2, 
forming an alkylperoxy radical. Two molecules of the latter disproportionate to the 
ketone and alcohol with O2 evolution (the well-known Russell termination, see Scheme
5.1).1,15 It is expected from this mechanism that the K /A  ratio is 1.0. During the first 20 
minutes of the reaction, ketone and alcohol formation takes place only via Russell 
termination of peroxy radicals (see Figure 5.2), but at higher conversions it is clear that 
other mechanisms are increasingly playing a role. It is not immediately clear from the 
Russell termination mechanism what the influence of aryl substituents in NHPI and in
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the substrate would be on the rate and selectivity of the reaction. In the following we 
would like to further specify the proposed mechanism so that these aspects can be 
understood.
A  relatively simple explanation for the substituent effect is possible using the polar 
transition state model which has been proposed for related reactions (Figure 5.4).16,17 It is 
obvious that an electron donating substituent on the aromatic ring of the substrate (R1) 
will stabilize the partial positive charge on the benzylic carbon atom, just as an electron 
withdrawing ring substituent on NHPI (R’, R”) will stabilize a partially negatively 
charged hydroxyl oxygen atom. Thus, 3-F-NHPI (1d) is expected to oxidize 
ethylbenzene at a higher rate than 3-OMe-NHPI (1e) in line with our observation (see 
Figure 5.3). A  further comparison may be made with the oxidation of substituted 
toluenes for which similar substituent effects have been reported in the literature. Thus, 
^-chloro toluene is more difficult to oxidize than ^-methoxytoluene.8 Furthermore, the 
polar transition state model explains the high reactivity of 1-phenylethanol compared to 
ethylbenzene (see entries 9 and 10, Table 5.1). The benzylic OH-group of 
1-phenylethanol stabilizes the partial positive charge on the benzylic carbon atom by 
resonance, and thus favors further oxidation to ketone, as is observed.
Although the influence o f the NHPI aryl substituents on the reaction rate can be 
understood with the polar transition state model, it does not clarify the favored formation 
of the alcohol product (lower K /A  ratio) when the substituent is electron donating (e.g. 
methoxy). An explanation may be given on the basis o f the reduction potential of NHPI. 
As shown in Scheme 5.2, the reductive splitting of the alkylperoxide (which will be 
formed from the peroxy radical by hydrogen abstraction from NHPI or substrate) into the 
alkoxy radical and water may be facilitated by NHPI present in the reaction mixture, if 
we regard the dissociation as a one-electron reduction process. The reductant may be 
CoII, analogous to the Haber-Weiss mechanism. More alkoxy radical is formed when 
more CoII, generated through reduction of CoIII by NHPI, is present. This process is 
enhanced when NHPI is more negatively charged, i.e. when its reduction potential is 
higher. Thus, more alcohol is produced when NHPI has a more electron donating 
substituent. The E/2 values of a series of 4-substituted NHPI’s were measured by Gorgy et 
at.18 and were found to correlate linearly with the Hammett parameter o  of the 
substituent, a more negative o-value (a more electron donating substituent) 
corresponding to a higher E/? Thus, the NH PI’s with a more electron donating ligand 
have a higher reduction potential (E/) and this may indeed play an important role in the 
distribution of products formed with the NHPI/cobalt(II) system described here. For the 
electrooxidation of borneol with only NHPI as the catalyst, Gorgy and co-workers18 also 
found that a higher oxidizing character of the catalyst (which is the driving force in their 
reaction) gave a more efficient catalytic process.
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In conclusion, we have found that the catalytic system presented here provides a 
very active, selective and mild method for benzylic oxidations with molecular oxygen as 
the final oxidant. While such oxidations usually take place at temperatures over 100° C, 
the CoII/N H P I system is active at almost ambient temperatures, making it much more 
feasible for application in industrial processes. We have shown that it is possible to tune 
the NHPI co-catalyst with respect to the reaction rate and the ketone/alcohol ratio (K/A) 
by using different substituents in its aromatic ring. An electron withdrawing substituent 
increases the rate and the K /A  ratio, whereas an electron donating substituent in NHPI 
decreases the rate and leads to a lower K /A  ratio, especially at low conversions.
OO
H
O
5 .4  E x p e r i m e n t a l
5.4.1 General
All chemicals were purchased from Acros Chimica or Aldrich and were used as received. NMR spectra 
were recorded on Bruker AM-300 (300MHz) or Bruker ACF-200 (200 MHz) spectrometers. Chemical 
shifts are given in ppm with TMS as internal standard. FT-IR measurements in KBr tablets were performed 
on a Perkin Elmer 298 spectrometer. Elemental analyses were measured on a Carlo Erba Instruments 
CHNSO 1108 machine. Mass spectra (EI) were recorded using a Fisons VG7070E instrument. 
Commercially available phenylacetic acids or mandelic acids were esterified by standard procedures to give 
the corresponding esters in 80-91% yield.
5.4.2 Synthesis o f the ^-hydroxyphthalim ides.
The substituted N-hydroxyphthalimides 1a-d, 1g and 1h were synthesized by reacting the corresponding 
phthalic anhydrides with hydroxylamine in solution, according to modified literature procedures.19-21 Due 
to solubility problems, the methoxy substituted compounds 1e and 1f could not be obtained in this way. 
These were synthesized by heating methoxy substituted phthalic acid in vacuo at 170° C in a sublimation 
apparatus, with an excess (2-3 equivalents) of hydroxylamine HCl salt, until elimination of water and HCl 
could no longer be observed. The light yellow sublimate was recrystallized together with the residue, which 
also contained phthalimide product, to obtain 3-methoxy-NHPI or 4-methoxy-NHPI (>99% pure). 
Detailed procedures and analyses are described below.
3- and 4-Methyl-AT-hydroxyphthalimide, 1b and 1c NH2OH- HCl (0.67 g, 9.6 mmol) and N(Et)3 (1.3 ml,
9.5 mmol) were dissolved in ethanol (60 ml). After stirring for 10 min. 3- or 4-methyl phthalic anhydride 
(1.59 g, 9.8 mmol) was added. The mixture was refluxed overnight. The clear solution was concentrated to 
10 ml. The resulting yellow oil was poured into 100 ml of water. The product precipitated as a white 
powder, which was filtered and dried under vacuum. 3-Me-NHPI, 1b: White powder; yield: 49% (0.84 g,
4.7 mmol); m.p. 221° C; [Found: C, 60.91; H, 3.97; N, 7.77. C9H7NO3 requires C, 61.02; H, 3.98; N,
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7.91%]; §H (300 MHz DMSO-d6): 10.74 (1H, bs, N-OH), 7.68 (3H, m, ArH), 2.62 (3H, s, CHj); 5C (75.4 
MHz DMSO-d6): 164.9 (C=O), 164.0 (C=O), 137.2 (Ar), 136.7 (Ar), 134.1 (Ar), 129.2 (Ar), 125.4 (Ar),
120.8 (Ar); vmax (KBr): 1791, 1725; 1704 cm-1. M/z (EI) 177 (100 M+), 161 (31), 147 (7), 132 (10), 118 (23), 
103 (20), 89 (40). 4-Me-NHPI, 1c: White powder; yield: 47% (0.81 g, 4.6 mmol); m.p. 202° C; [Found: C, 
60.74; H, 4.23; N, 7.71. C9H7NO3 requires C, 61.02; H, 3.98; N, 7.91%]; §H (300 MHz CDCl3): 7.71 (1H, 
d, J  7.6 Hz, ArH), 7.63 (1H, s, ArH), 7.53 (1H, d, J  7.6 Hz, ArH), 2.50 (3H, s, CH3); 5C (75.5 MHz 
DMSO-d6): 168.2 (C=O), 149.4 (Ar), 138.7 (Ar), 133.0 (Ar), 130.0 (Ar), 127.5 (Ar), 126.9 (Ar), 25.4 (CH3); 
vmax (KBr): 1788, 1741, 1704 cm'1; M/z (EI) 177 (65 M+), 161 (27), 147 (70), 133 (42), 118 (99), 104 (38), 89 
(100).
3-Fluoro-W-hydroxyphthalimide, 1d NH2OH- HCl (0.84 g, 12.1 mmol) and K2CO3 (0.84 g, 6.1 mmol) 
were dissolved in water (20 ml). The solution was stirred for 20 min. and 3-fluorophthalic anhydride (2.0 g.
12.0 mmol) was added. The solution was stirred overnight at room temperature. The resulting white 
suspension was filtered and the residue dried under vacuum to give 1d (1.12 g, 6.2 mmol, 51%) as a white 
powder, m.p. 216° C; [Found: C, 49.21; H, 2.76; N, 7.12. Q H N O ^ 0.8H2O requires C, 49.14; H, 2.89; N, 
7.16%]; §H (200 MHz DMSO-d6): 10.93 (1H, bs, N-OH), 7.88 (1H, m, ArH), 7.68 (2H, m, ArH); 5C (50.3 
MHz DMSO-d6): 163.3 (d, JC.F 3.2 Hz, C=O), 161.2 (s, C=O), 156.4 (d, JC.F 261.3 Hz, Ar), 137.5 (d, JC.F
8.0 Hz, Ar), 131.4 (s, Ar), 122.9 (d, JC.F 19.9 Hz, Ar), 119.6 (d, JC.F 3.2 Hz, Ar), 114.7 (d, JC.F 12.5 Hz, Ar), 
vmax (KBr): 1789, 1744, 1707 cm’1; M/z (EI) 181 (100 M+); 165 (10), 151 (33), 122 (41), 108 (6), 94 (41).
3- and 4-Methoxy-W-hydroxyphthalimide, 1e and 1f 2,3-Dimethylanisole or 3,4-dimethylanisole (3.4 g, 
25 mmol) and a large excess of KMnO4 (25 g, 0.16 mol) were dissolved in 140 ml of a water/t-BuOH 
mixture (70/30% v/v). The reaction mixture was refluxed overnight, 50 ml of EtOH was added to destroy 
unreacted KMnO4 and the alcohols were distilled off. The resulting brown suspension was filtered over 
Celite. The colorless solution was concentrated to 100 ml, acidified with conc. HCl after which the phthalic 
acid crystallized as a white solid. The obtained phthalic acid (10 mmol and 12.3 mmol of 3- and 4- 
methoxyphthalic acid, respectively) was placed in a sublimation apparatus with a cold finger, which could 
be heated with a high temperature silicon oil bath under 1 mbar pressure. 3 Equivalents of powdered 
NH2OH- HCl (2.1 g, 30 mmol and 2.6 g, 36.9 mmol, resp.) were added. The mixture was heated to 170° C 
under reduced pressure, with occasional stirring. The evaporation of water could be observed, after which a 
light yellow solid started to form. After 5 hrs. no further reaction took place, and the reaction was stopped. 
The resulting yellow-brown solids were recrystallized from boiling water (75 ml) or toluene-EtOH (20:1 
v/v, 50 ml). 3-OMe-NHPI, 1e: Yellow powder, yield: 21% (0.41 g, 2.1 mmol); m.p. 232° C; [Found: C, 
51.03; H, 4.23; N, 6.61. C9H7NO4- H2O requires C, 51.04; H, 4.32; N, 6.61%]; 8H (300 MHz DMSO-d,): 
10.65 (1H, bs, N-OH), 7.76 (1H, dd, J 8.4 Hz, J 7.2 Hz, ArH), 7.45 (1H, d, J 8.4 Hz, ArH), 7.35 (1H, d, J
7.2 Hz, ArH), 3.97 (3H, s, OCH3); §C (75.5 MHz DMSO-d«): 167.7 (C=O), 166.9 (C=O), 160.0 (Ar), 140.7 
(Ar), 134.6 (Ar), 122.9 (Ar), 119.0 (Ar), 117.3 (Ar), 60.3 (OCH3); vmax (KBr): 1788, 1766, 1718, M/z (EI) 
193 (100 M+), 176 (71), 158 (41), 145 (65), 133 (39), 117 (20), 104 (53), 92 (29). 4-OMe-NHPI, 1f: Light 
yellow powder, yield: 29% (0.69 g, 3.6 mmol); m.p. 213° C; [Found: C, 55.65; H, 3.64; N, 7.17. C9H7NO4 
requires C, 55.96; H, 3.65; N, 7.25%]; 8H (300 MHz DMSO-d,): 10.74 (1H, bs, N-OH), 7.78 (1H, d, J 8.2 
Hz, ArH), 7.38 (1H, d, J 2.3 Hz, ArH), 7.28-7.24 (1H, dd, J 8.2 Hz, J 2.3 Hz, ArH), 3.93 (3H, s, OCH3); 5C 
(75.5 MHz DMSO-di): 168.4 (C=O), 147.4 (Ar), 135.3 (Ar), 129.0 (Ar), 124.0 (Ar) 123.3 (Ar), 112.7 (Ar),
60.3 (OCH3); vmax (KBr): 1787, 1731 cm^ 1; M/z (EI) 193 (100 M+), 177 (4), 163 (30), 134 (56), 120 (5), 106 
(23), 92 (9).
3- and 4-Nitro-N-hydroxyphthalimide, 1g and 1h To toluene (80 ml) were added 3- or 4-nitrophthalic 
anhydride (3.81 g, 19.7 mmol), NH2OH- HCl (1.34 g, 19.2 mmol) and triethylamine (2.66 ml, 19 mmol). 
The mixture was refluxed overnight. Water was removed during the reaction by azeotropic distillation. The 
yellow solution was then concentrated and the resulting yellow oil was purified by column 
chromatography on silica gel (eluent: hexane-ethylacetate, 4:1 v/v). 3-NO2-NHPI, 1g: Yellow powder; 
yield: 9% (0.37 g, 1.8 mmol); m.p. 209-213° C; [Found: C, 42.76; H, 2.55; N 12.34. C8H4N2O5- H2O requires 
C, 42.49; H, 2.67; N, 12.39%]; 8H (200 MHz DMSO-d6): 11.81 (1H, bs, N-OH), 8.18 (3H, m, ArH); 5C 
(75.5 MHz DMSO-d6): 171.2 (C=O), 168.6 (C=O), 148.3 (Ar), 140.0 (Ar), 138.6 (Ar), 132.1 (Ar), 130.8 
(Ar), 127.8 (Ar); vmax (KBr): 1773, 1734, 1709, 1540 cm-1; M/z (EI) 208 (M+); 192, 178. 4-NO2-NHPI, 1h: 
Yellow powder; yield: 11% (0.45 g); m.p. 197° C; [Found: C, 50.07; H, 2.10; N, 14.37. C8H4N2O5 requires 
C, 46.17; H, 1.94; N, 13.46], C8H4N2O4 requires C, 50.01; H, 2.10; N, 14.58]; §H (200 MHz DMSO-d,):
11.83 (1H, bs, N-OH), 8.63 (1H, dd, J 1.9 Hz, J 8.1 Hz, ArH), 8.46 (1H, d, J 1.9 Hz, ArH), 8.14 (1H, d, J
8.1 Hz, ArH); §C (75.5 MHz DMSO-d«): 171.6 (C=O), 171.3 (C=O), 155.4 (Ar), 141.3 (Ar), 138.1 (Ar),
133.5 (Ar), 128.5 (Ar), 121.8 (Ar), vmax (KBr): 1793, 1736, 1702, 1547 cm-1; M/z (EI) 208 (M+); 192, 178, 
162, 149, 103.
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5.4.3 General procedure for the oxidation of ethylbenzene
A solution of 10 mmol of ethylbenzene in 10 ml of acetic acid containing 0.5 mmol (5%) of NHPI catalyst
1 and 0.05 mmol (0.5%) of Co(OAc)2- 4H2O was placed in a three-necked flask equipped with a rubber 
balloon filled with 100% O2 (Hoek Loos, 99.9%) and heated to 80° C with vigorous stirring. 
1,2,4-Trichlorobenzene was added to the reaction mixture as an internal standard for GC analysis. 
Regularly taken aliquots were analyzed with a Chrompack Packard 438A chromatograph (FFAP CB 
column, 15m, 0.32 mm internal diameter, df=1.0 |j.m or a CP-Sil CB column, 25m, 0.32 mm internal 
diameter, df=1.2 |j.m), or a Hewlett Packard 5890 Series II chromatograph (CP-Sil CB column, 25m, 0.32 
mm internal diameter, df=1.2 |j.m).
5.4.4 General procedure for the oxidation of aryl acetic esters and mandelic esters
The reaction was performed in a similar way as described for the oxidation of ethylbenzene, with the 
exception that 1 mmol (10%) of NHPI catalyst was used. The mixture was stirred at 40° C. The reaction 
was followed by GC analysis as described above. The crude products were isolated by evaporating the 
solvent and washing the residue with hot heptane. They were analyzed by NMR. Purification was 
performed by crystallization from hot pentane or by column chromatography (silica gel, eluent: chloroform 
or petroleumether-ethylacetate 7:3 v/v). The compounds were analyzed and the analyses were identical to 
those reported in the literature.
Methyl 4-methoxyphenylglyoxylate, 4b:22 8H (200 MHz CDCl3): 8.00 (2H, m, ArH), 6.96 (2H, m, ArH), 
3.96 (3H, s, Ar-OCHj), 3.89 (3H, s, (C=O)OCH3); §C (50.3 MHz CDCl3): 184.4 (C=O), 165.1 (Ar), 164.4 
(C=O), 132.6 (Ar), 125.4 (Ar), 114.2 (Ar), 55.6 (Ar-OCH3), 52.6 (OCH3); vmax (KBr): 1732, 1672, 1601 
cm'1; Ethyl phenylglyoxylate, 6a:23,24 8H (200 MHz CDCl3): 7.98 (2H, m, ArH), 7.64 (1H, m, ArH), 7.50 
(2H, m, ArH), 4.43 (2H, q, J  7 Hz, ethyl-CH3), 1.38 (3H, t, J  7 Hz, ethyl-CH2); 5C (50.3 MHz CDCl3):
186.4 (C=O), 163.9 (C=O), 134.9 (Ar), 132.5 (Ar), 130.0 (Ar), 128.9 (Ar), 62.3 (ethyl-CH2), 14.1 (ethyl- 
CH3); Ethyl 4-methoxyphenylglyoxylate, 6c:22 8H (200 MHz CDCl3): 8.00 (2H, m, ArH), 6.97 (2H, m, 
ArH), 4.43 (2H, q, J  7 Hz, ethyl-CH2); 4.15 (3H, s, Ar-OCH3), 1.41 (3H, t, J  7 Hz, ethyl-CH3); §C (50.3 
MHz CDCl3): 184.9 (C=o), 165.0 (Ar), 164.1 (C=O), 132.5 (Ar), 125.4 (Ar), 114.2 (Ar), 62.1(ethyl-CH2),
55.6 (Ar-OCH3), 14.1 (ethyl-C^); Vmax (KBr): 1733, 1675, 1600 cm-1; Ethyl ^ -tolylglyoxylate, 6d:25,26 §h 
(200 MHz CDCl3): 7.90 (2H, d, ArH), 7.30 (2H, d, ArH), 4.44 (2H, q, J 7 Hz, ethyl-CH3), 1.41 (3H, t, 
J  7 Hz, ethyl-CH2); §c (50.3 MHz CDCl3): 186.1 (C=O), 164.0 (C=O), 146.2 (Ar), 130.1 (Ar), 129.6 (Ar),
129.2 (Ar), 62.2 (ethyl-CH2), 21.8 (Ar-CH3), 14.1 (ethyl-CH3); Ethyl 3-thienylglyoxylate, 12:27 §H (200 
MHz CDCl3): 4.47-4.36 (2H, q, ethyl-CH2), 1.45-1.38 (3H, t, ethyl-CH3); Ethyl 2-(formylamino)-
4-thiazolylglyoxylate, 14:28,29 §H (200 MHz CDCl3): 12.71 (1H, bs, HC=O), 8.57 (1H, s, NH), 8.48 (1H, s, 
ring-CH), 4.38 (1H, q, J  7 Hz, ethyl-CH2), 1.32 (3H, t, J  7 Hz, ethyl-CH2); 5C (50.3 MHz CDCl3): 178.9 
(HC=O), 13.3 (C=O), 160.7, 157.3 (C=O), 144.5, 128.6, 62.4 (ethyl-CH2), 14.0 (ethyl-CH3).
CAS registry no. 4b 32766-61-3; 6a 1603-79-8; 6c 40140-16-7; 6d 5524-56-1; 12 53091-09-1; 14 64987-03-7.
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Toward a new synthesis of carvone from 
limonene
Summary
The synthesis of carvone from limonene is an industrially important process. Currently, 
the polluting nitrosyl chloride method is used for this synthesis, but there is a need for a 
more environmentally friendly method. In this chapter, some routes are investigated to 
synthesize carvone from limonene via limonene epoxide. A successful method, although 
not very environmentally friendly, has been found based on the acid catalyzed ring 
opening of limonene epoxide, and the subsequent oxidation of the formed diol with 
activated DM SO (Swern oxidation). This procedure yields carvone in 56% together with 
44% of the a-hydroxyketone.
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6 .1  I n t r o d u c t i o n
6.1.1 The origin and use o f terpenes
Terpenes, which are constituted from five-carbon units, belong to a very widely used 
class of compounds. One very important terpenoid is dipentene, commonly known as 
limonene 1 of which annually 50.000 tons are produced worldwide (1989). Dipentene is 
used in paint solvents, in varnish, as a cleaner, as a replacement for halogenated 
hydrocarbon solvents, and for rubber reclaiming (as a swelling and softening agent).1 
Limonene is found in various amounts in many essential oils such as caraway oil (47% 
limonene), bergamot oil (42% limonene) and orange and citrus oils from several species 
of citrus plants (45 to 95% limonene).2
Another important constituent of these essential oils is carvone 2 of which the 
(+)-isomer 2a smells of caraway, and the (-)-isomer 2b of spearmint.1-3 Of the caraway oil 
produced from Carum carvi L ., 50% is (+)-carvone, but it also contains 47% of limonene, 
illustrating the importance of the mixture of terpenoids in the essential oil which 
determines the actual fragrance. (-)-Carvone finds use as a spearmint fragrance in 
toothpaste, chewing gum and mouthwash, but also as antibacterial and strong antifungal 
agent. It is, for instance, applied in cheese against mycotoxin. Spearmint oil, which 
consists of 63% of (-)-carvone and 21% of limonene, is one of the largest volumes of 
essential oils produced in the US (1993).2
Even though the amount of carvone produced from natural sources is fairly large, 
synthetic carvone is needed to satisfy the growing demand. However, the clean synthesis 
of carvone 2 is a problem. The present route used for carvone production starts from 
limonene 1 and is based on the oxidation of this compound with nitrosyl chloride which 
produces a lot of waste (Scheme 6.1).1’4’5 The spearmint isomer ^-(-)-carvone 2b is 
synthesized from ^-(+)-limonene 1b. Another route, the direct allylic oxidation of
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limonene with chromium(VI) oxide produces 31% of an unwanted isomer of carvone, 
isopiperitenone (Scheme 6.2) next to only 36% of carvone.6 These methods are still 
practicable and producing around 1500 tons of carvone each year (1995),1 but clearly an 
alternative is needed with the environmental constraints becoming more severe. The 
introduction of an oxygen atom using the successful epoxidation of limonene described 
elsewhere in this thesis, could provide this alternative when a method can be found for 
the rearrangement of limonene epoxide into carvone. In this chapter this rearrangement 
is explored with the objective to develop new routes toward carvone.
1
6.1.2 A literature review
In 1914, it was noted that limonene, upon standing in moist air, was oxidized into 
limonene epoxide 4, carvone 2, and carveol 3, among other autoxidation products.7 It 
was the first reported synthesis of pure carveol, although not of carvone. Since then, 
many autoxidation studies have been performed, mainly in the 1960’s. One of the first 
studies of the conversion of limonene into carvone via limonene epoxide was reported in 
1957 by Linder and Greenspan.8 They tried several methods of which only two were 
successful, both based on the epoxidation of limonene with peracetic acid, after which 
ring opening was performed. The first method involved the hydration of the epoxide ring 
to yield the diol. The latter compound was oxidized to the a-hydroxyketone with 
tert-butyl chromate, which was converted into the oxime or semicarbazone and 
subsequently dehydrated to yield 9.2% of carvone. The second method included pyrolysis 
of the diacetate ester of the diol, which yielded 7% of carvone. Obviously, these are not 
suitable synthetic routes for carvone production. The unsuccessful attempts of above 
mentioned researchers8 included the dehydration of the diol, which resulted in 
dihydrocarvone, and dehydrochlorination of limonene chlorohydrin which resulted in
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the wrong isomer of carvone. In this section, we will review the literature concerning the 
transformations of epoxides into the corresponding diols, allylic alcohols and ketones in 
order to design a strategy for the synthesis of carvone from limonene epoxide.
Epoxide ring openening and rearrangements
Reaction of epoxides with water is probably the most common method for the opening of 
the epoxide ring, which yields diols (also called glycols). The ‘normal’ direction of 
epoxide ring opening was defined by Parker and Isaacs,9 who stated that: ‘when 
ammonia adds to unsymmetrical olefin oxides, the amino group attaches itself to the 
carbon atom bearing the greater number of free hydrogen atoms’, and they mentioned 
that this rule applies to other reagents than ammonia (more generally: nucleophiles) as 
well. The ring opening mechanism is most likely to be governed entirely by steric factors. 
W ith acids, however, the ‘abnormal’ product is more often observed, and a polar 
transition state for the reaction is likely. In cyclic epoxides such as limonene epoxide, the 
abnormal mechanism always affords the trans-diaxial product, as was predicted by Fürst 
and Plattner and confirmed by Royals and Leffingwell.9’10 This stereochemistry 
corresponds to an inversion of configuration at the carbon atom which is attacked. An 
interesting study is the sulfuric acid catalyzed ring opening of trans- and cis-limonene 
epoxide (4a and 4b) which affords the glycol (1,2-diol) in high yields.10 Note that the 
prefixes cis and trans refer to the relative positions of the methyl and isopropenyl groups 
of all limonene derivatives throughout this study (in some studies the relative positions of 
the epoxide and isopropenyl groups are used for this nomenclature).
In Scheme 6.3, all possible glycol products (5) from the hydration of limonene 
epoxide are sketched. According to the Fürst-Plattner rule mentioned above, only 5b and 
5d are formed. The isopropenyl group influences the conformational equilibrium of the 
cyclohexane ring in such a way that this group is mostly in an equatorial position, and 
consequently, 5b is the major product, in agreement with earlier studies (e.g. Royals11 and 
Newhall12). Compound 5d can only be formed from 4b via a trans-diaxial ring opening in 
which the isopropenyl group is in the axial position. After ring opening the 
conformational equilibrium will shift toward the side where the isopropenyl group is in 
the equatorial position and 5d is formed. Another study was reported of the 
bioconversion of 8-acetoxy-p-menth-1-ene epoxides to diols.13 The hydroxylation of the 
cis form afforded 100% of the diaxial diol (the equivalent of 5b), the trans compound 
yielded 80% of the diaxial product and 20% of the diequatorial product (the equivalent of 
5d).
The conversion of 5 and related glycols to obtain carveol (or carvone) is not 
widely reported in the literature. In literature studies, carveol is usually synthesized from 
carvone by reduction, for example using aluminium i-propoxide by Ponndorfs method14 
or by LiAlH4.15 As mentioned before, pyrolysis of glycol acetates was marginally 
successful, yielding 7-9.5% of carvone in the hands of Linder et al.8 and an unspecified 
amount of carveol as reported by Royals and Harrell Jr.16 Using lithium phosphate
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(Li3PO4), propylene and ethylene epoxide were isomerized to their allylic alcohols as 
described in two patents.17’18 Lithium phosphate was deposited on a silica or other solid 
support in these studies. The alkene substrate was vaporized and passed over this catalyst 
at 300° C. Up to 80% conversion was established in the case of propylene oxide with a 
selectivity for allyl alcohol up to 94%. An earlier report claimed the conversion of 
cyclooctene epoxide to 3-hydroxycyclooctene in 70% yield using unsupported Li3PO4 at 
98% conversion (no reaction temperature was specified).19 Unsupported lithium 
phosphate was also used to rearrange 1,2-epoxy-3-methylbutane into various isomeric 
alcohols, aldehydes, and ketones.20
Other base-catalyzed epoxide rearrangements that have been applied to cyclic 
epoxides include the use of sodium metal in THF21 which yields a mixture of isomeric 
alcohols. Lithium diethylamide was used for the rearrangement of cyclooctene epoxide19 
but only 20% of allylic alcohol was obtained together with a bicyclization product (80%), 
and the potassium-i-butoxide rearrangement gave 46% yield of allylic alcohol. 
Methylcyclohexene epoxide was converted into a 1:1 mixture of the exocyclic and 
endocyclic allylic alcohols.22 The rearrangement of epoxides to give (chiral) allylic 
alcohols with lithium amide bases was reviewed recently.23 Solid aluminum oxide 
(Al2O3) can be treated to obtain catalysts with various levels of basicity. Depending on 
the pre-treatment of the alumina, epoxides can be rearranged to unsaturated alcohols, 
glycols, and ketones.24-27 A reasonable selectivity for allylic alcohols was obtained by 
Arata and Tanabe26 who obtained 59% of carveol together with 17% of exo-carveol at 
31% conversion with a A^O 3 catalyst pretreated at 950° C.
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Using ZnBr2, limonene epoxide was rearranged to a variety of carbonyl 
compounds, including an aldehyde formed after ring contraction, and dihydrocarvone.28 
Boron trifluoride etherate has been used as a Lewis acid reagent to isomerize limonene 
epoxide to dihydrocarvone in about 75% yield.29-30 Dehydration of diols of type 5 and 
related compounds (other terpene glycols) has been established with POCl3 in pyridine, 
but many different isomers were formed.30 This method, therefore, is unlikely to give 
exclusively carveol 3 in high yields from 5. An acidic FeSO4 catalyst was used31 to 
isomerize limonene epoxide, which yielded dihydrocarvone (66%), two isomers of 
carveol (both 7%), and 20% of an aldehyde.
Allylic oxidation
Another method to obtain allylic alcohols and ketones such as carveol and carvone is 
direct allylic oxidation of the alkene. It was already mentioned that chromium oxides6 
and selenium dioxide (e.g.32’33) may be used in stoichiometric allylic oxidation reactions 
related to permanganate oxidations. Using chromium oxide, 3-carene was oxidized to 
the allylic ketone (25% yield) and many side products.34 Catalytic oxidation is of course 
preferred over this stoichiometric oxidation, and the field of catalytic allylic oxidation has 
expanded greatly over the last three decades. An exhaustive review therefore is not given 
here but some examples applied to the allylic oxidation of limonene and related 
compounds are cited. Many extended lists of references are available (e.g.35-39).
After the first studies on autoxidation reactions, in the 1970’s and 80’s, the 
oxidation of terpenoids became a popular topic, at first mainly in industrial laboratories 
which published many patents, and later also at universities which led to a number of 
regular articles. In 1975, (±)-carvone was prepared by oxidizing limonene with molecular 
oxygen in a carboxylic acid solvent containing a Co, Mn, or Ni salt to give 49% of 
carvone at 71% conversion. Co(II)bis- and Co(III)tris(acetylacetonate), Mn, and Ni 
acetate were also used.40 Wilson et al. published the oxidation of limonene with peresters 
such as AcOOCMe3 or BzOOCMe3 in the presence of CuBr to obtain up to 65% of 
carveol which could be oxidized to carvone with chromium salts.41’42 An early Japanese 
patent was published43 claiming the synthesis of carvone in approximately 50% yield 
using as reagent N 2O4 in HCOOH. Taher44-45 investigated the catalytic autoxidation of 
limonene with a cobalt salt at high oxygen pressure. The reaction mixture contained 17% 
carvone, 8% carveol, and 59% unaltered limonene. In an other report, it was claimed that 
refluxing limonene with bromosuccinimide in CCl4 produced carvyl bromide, which after 
treatment with aqueous 5% KOH followed by a Jones oxidation gave carvone via the 
intermediate carveol.46 The electrooxidation of limonene with NaClO4 in THF-water has 
been reported to give dihydrocarvone and 1-hydroxyneodihydrocarveol as the major 
products.47 An Indian patent by Ravindranath has appeared.48 It describes the formation 
of carvyl chloride which could be converted into carveol and carvone. A stoichiometric 
amount of Me3COCl was used together with tert-butyl hypochlorite to convert the 
limonene into the carveyl chloride (60-65% yield).
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More recently, two patents on the direct oxidation of limonene to carvone have 
been published. The first, a Japanese patent,49 describes the synthesis of carvone by 
reacting limonene with a zeolite in water. Yields were not given. A very recent Dutch 
patent50 describes the synthesis of carvone from limonene with oxygen using a palladium 
salt in the presence of a reoxidising agent such as a copper salt and sodium carbonate as 
catalytic system. It is reported that 61% of carvone is obtained, however, the abstract of 
this patent51 shows the structure of isopiperitenone (see Scheme 6.2) as the product and 
not carvone.
Aerobic oxidation of limonene catalyzed by palladium chloride in the presence of 
co-oxidants CuCl2 and LiNO3 in glacial acetic acid52 is reported to yield the acetate ester 
of carveol (carveyl acetate) in good yields up to 87% at 96% conversion of limonene. Up 
to 13% of carvone was also formed in this reaction, in addition to variable amounts of 
dehydration products. W hen Pd(OAc)2 was used as a catalyst and benzoquinone and 
sodium acetate as the reagents,53 carveyl acetate was obtained in 52% yield together with 
48% of the acetate ester of exo-carveol. Replacing Pd(OAc)2 with Li2PdCl4 as a catalyst, 
and using 2 equivalents of benzoquinone and 0.1 equivalent of ^ -toluenesulfonic acid, 
carvone was obtained in good yields up to 73% at 90% conversion. As the solvent a 1:1 
mixture of water and acetone was used. A recent Chinese report claims the oxidation of 
limonene to carvone with the help of cobalt salts without giving details.54 Furthermore, it 
has been reported that an iron catalyst (the so-called G if oxidation system) can oxidize 
several terpenes including limonene to yield 10-30% of ketones.55 Metal porphyrins have 
been applied for the allylic oxidation of cyclic alkenes. For example, using 
iodosylbenzene as the oxidant and Cr(TPP) as the catalyst, cyclohexene can be oxidized 
to give 75% of 2-cyclohexenol and 21% of 2-cyclohexenone. W ith Mn(TPP) as the 
catalyst, this reaction yields 69% of the epoxide.56 W ith molecular oxygen as the oxidant, 
the Mn(TPP)Cl catalysed reaction gave 80% of 2-cyclohexenol and 20% of 
2-cyclohexenone.57 No terpenes have been studied using these porphyrin complexes
6.1.3 Outline o f this chapter
On the basis of the literature described above, we may conclude that epoxide ring 
opening and hydration to a glycol should proceed relatively easy with an acid or base as 
catalyst. Subsequent dehydration to the allylic alcohol in principle can be realized using 
basic reagents. We decided, therefore, to focus on the epoxide ring opening to find a 
procedure which is selective, fast and environmentally friendly, and preferably yields 
carveol 3 in one step. This epoxide ring opening is described in sections 6.2.1, 6.2.2 and 
6.2.3. Direct catalytic allylic oxidation of limonene was not considered since this would 
be a thesis by itself, as is illustrated by the existence of an IOP project on this topic.
After epoxide ring opening, two strategies are possible: dehydration of the product 
to the allylic alcohol, and subsequent oxidation to carvone (which is possible using 
molecular oxygen and a nickel catalyst, see Chapter 2 of this thesis). Alternatively, the
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Table 6.1 Limonene epoxide ring-opening catalyzed by various acids
Entry Acid Conditionsa
Conversionb
(%)
Yieldc 
diol 5 (%)
Selectivityd
(%)
1 6 % H 2SO4 water, 0° Ce 100 72 --
2 AcOH water, pH 2, 30° C 100 97 97
3 AcOH water, pH 4, 30° C 100 94 94
4 AcOH water, pH 6 , 30° C 96 92 96
5 AcOH water, pH 8 , 30° C 13 13 100
6 AcOH water, pH 10, 30° C 5 3 60
7 MCM-41 water, 0° Ce 1 1 100
8 MCM-41 water, 100° C 98 92 94
9 HA-HPV water, 0° Ce 1 1 100
10 HA-HPV water, 100° C 90 87 89
11 NaY water, 0° Ce 0 .2 0 .2 100
12 NaY water, 100° C 87 77 88
13 NaY TH F/w ater 5:1, reflux 1 0 --
14 NaY Toluene/water 5:1, reflux 0 0 --
15 NaY CH2Cl2, 40° C 0 0 --
16 NaY CH2Cl2/w ater 5:1, reflux 0 0 --
17 NaY EtO H /w ater 5:1, reflux 43 16 38
18 NaY CH2Cl2, 40° C 0 0 0
19 None water, 100° C 1 0 0
a Reaction time 24 hrs. unless otherwise noted. For other conditions see Experimental section. 
b Limonene epoxide conversion as measured by GC analysis. c Isolated yields. GC yields are 2-5% higher. 
d GC analysis; sum of all stereoisomers. e Reaction time: 5 hrs.
obtained glycol may be oxidized first, and then dehydrated to carvone, these studies are 
described in section 6.2.4.
6 .2  R e s u l t s  a n d  D i s c u s s i o n
6.2.1 Epoxide ring opening using acids
The results of the acid catalyzed ring opening reactions of epoxides 4 to diols 5 are 
summarized in Table 6.1. W ith 6 % aqueous sulfuric acid, a mixture of cis- and trans­
limonene epoxide 4a and 4b could be converted into the diol 5 with 72% isolated yield 
(entry 1). Some byproducts were observed and a relatively large loss of product occurred 
due to crystallization problems. Royals and Leffingwell10 have studied the 
stereoselectivity of this reaction extensively and showed that (±)-1-hydroxyneodihydro- 
carveol 5b is formed as the major product (Scheme 6.3). In our experiment using 6 % 
sulfuric acid, one major product was observed by GC (>99%) and only a very tiny
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amount of an isomer (<1%). Both showed the same MS patterns, which implies that they 
are diastereomers. The minor product appeared to be less polar since it eluted first on a 
very polar GC column, and eluted later on an apolar column than the major component. 
In section 6.2.4 the issue of stereochemistry of the diols is discussed further.
W ith acetic acid/sodium acetate buffers of different pH ’s, the ring opening of the 
mixture of cis- and trans-limonene epoxide 4a and 4b could be established in high 
selectivity and high conversion, especially at low pH (entries 2 to 6). However, the 
expected subsequent dehydration of the alcohols by acetate ions to form carveol 3 
(Scheme 6.4) was not observed. At high pH, only a very low conversion could be 
established. The gas chromatogram showed two diol products which were the same two 
products as observed for the sulfuric acid catalyzed ring opening reaction. Of the more 
polar product, 79 up to 90% was formed when the pH was increased, the amount of the 
less polar component decreased concomitantly from 21 to 10%.
Next, we investigated the use of solid acids as catalysts for the epoxide ring 
opening. Easy recovery of the product without crystallization problems is the most 
obvious advantage of this method over the use of soluble acids. More important, 
however, is that a combination of the epoxidation of limonene, using for example nickel 
acetylacetonate and an aldehyde in an apolar, aprotic solvent as the catalytic system, can 
now be combined with epoxide ring opening using a solid acid catalyst, affording a one- 
pot synthesis of the diol from limonene. This combination would not be possible if an 
aqeous acid were used for the ring opening because of the incompatibility of the 
epoxidation reaction with the solvent water. Furthermore, acidic ring opening without 
water could result in direct dehydration to carveol 3. Finally, solid catalysts like zeolites 
and clays possess, in addition to acidic sites, also basic sites. These materials can be tuned 
toward the desired acidic or basic properties. Both the epoxide ring opening and the
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subsequent dehydration may be aided by a base, so this tuning opens interesting 
possibilities to guide the reaction in the desired direction.
A number of readily available solid acids were stirred in water and in other 
solvents with limonene epoxide (Table 6.1) without any pre-treatment of the solid acid. 
The most effective ring opening was established with the most acidic zeolite, MCM-41 in 
water at high temperature (entry 8). The yield of this reaction (92% of 5) is much better 
than using aqueous H2SO4. In all experiments using the solid acids, the more polar diol 
isomer was formed in excess (81% yield). The less polar isomer was obtained in 19% 
yield. Unfortunately, adding another solvent to water or replacing the latter decreased the 
conversion of epoxide and the yield of diol dramatically (Table 6.1, entries 13-18). A 
w ater/ethanol mixture as the solvent gave 38% of 5, but ethanol can not be used as a co­
solvent for the epoxidation reaction since it acts as an inhibitor. A combination of the 
acidic epoxide ring opening with epoxidation in a one-step reaction, therefore, could not 
be established.
+
+
H
H H
+
6.2.2 Epoxide ring opening using other reagents
As an alternative for the acidic ring opening of the epoxide, a solid base may be 
employed.25-26 We performed an experiment at 200° C (reaction time 3 days), using 
activated A ^O 3 as the catalyst without a solvent. Under these conditions, limonene 
epoxide 4 could be converted almost quantitatively, giving, according to GC-MS, a 
mixture of products (Scheme 6.5). As can be seen in this scheme, allylic alcohols 3 (12%) 
and 9 (15%) were formed. Additionally, a ring contraction took place via an alkyl shift 
related to the pinacol rearrangement for which alumina apparently acted as proton donor 
(Scheme 6.6), giving aldehyde 7 (32%). Ketone 8 (28%) was formed via a hydride shift 
(see Scheme 6.6). The acidic sites on alumina were obviously strong enough to effect the 
hydride shift (Scheme 6.6) at this temperature. In a different experiment performed at 
90° C in toluene using larger quantities of alumina, the ketone 8 was formed as the major
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product (44%), together with 26% of carveol 3 and many unidentified byproducts. 
Almost no aldehyde was observed.
Base-assisted epoxide ring openings using a number of different bases, including 
potassium-i-butoxide (i-BuOK), aqueous KOH solution, and sodium carbonate were not 
successful and gave no product after refluxing the reagents for one night in THF or water. 
It has been reported58 that i-BuOK can react with limonene epoxide under other reaction 
conditions than were tried here. In this case, exo-carveol (9) was obtained exclusively 
probably because abstraction of the primary (most acidic) and least hindered proton takes 
place as a first step of the reaction.
Lithium amide bases are known to be effective reagents in epoxide 
rearrangements. The reactions are initiated by complexation of the lithium amide to the 
oxygen lone pairs of the epoxide ring after which a ^-elimination takes place (Scheme 
6.7). It was shown that the syn quasi-axial proton is removed, and not the syn quasi 
equatorial one.58 A mechanism involving metalation of the carbon atom in the epoxide 
ring followed by a-elimination was excluded by studies on deuterated epoxides.58-59 For 
the rearrangement of limonene epoxide we used lithium di-n-propylamide (LDA) as a 
base. GC-MS analysis indicated that carveol 3 (20%), exo-carveol 9 (3%) and allylic 
alcohol 10 (30%) were formed. Furthermore, some limonene 1 was detected (5%) and p- 
cymene 13 (15%) had formed, which is a result of dehydrogenation followed by 
isomerization of limonene.
Dihydrocarvone 8 would be a suitable intermediate in the synthesis of carvone if it 
would be possible to dehydrogenate this compound, e.g. via bromination at the a-position 
and subsequent dehydrobromination. Compound 8 was obtained in reasonable amounts 
by Flash Vacuum Thermolysis of limonene epoxide (Table 6.2, vide infra), or by using 
BF3- O(C2H5)2 as a reagent (80%). Bromination of 8, however, did not give the desired 
regioisomer because the vinyl bond in this compound is much more easily brominated 
than the a-carbon atom.
An epoxide may be opened with the aid of an alcohol in which case an 
a-hydroxyether is generated that may be dehydrated to yield a protected allylic alcohol. 
A suitable alcohol for this purpose is allyl alcohol which we applied in the presence of a 
Lewis acid (BF3-etherate)60 to ring open compound 4. Unfortunately, a mixture of regio- 
isomers was formed which could not be dehydrated to the desired allylic ether with 
sufficiently good selectivity because of the many possibilities for eliminating water.
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Table 6.2 Flash-vacuum thermolysis of limonene epoxide with Li3PO4a
Entry Temp.
(°C)
Conversion
(%) 3 7
Selectivity (%) 
8 9+10 11+12+13
1 400b 69 11 32 36 7 13
2 400 94 2 22 15 5 54
3 300 95 13 16 12 47 6
4 200 56 19 7 5 67 0
5 100 1 0 0 0 100 0
1 For conditions see Experimental section. b No Li3PO4 catalyst present.
We may conclude that base-assisted ring opening of limonene epoxide is not a 
successful procedure to form carveol because it mainly gives the undesired isomers of 
carveol, i.e. 9 and 10. Using high temperatures, rearrangements and the formation of 
carbonyl products are observed.
4
3
6.2.3 Epoxide ring opening using F lash Vacuum Thermolysis
Van der W aals61 and Derksen62 have studied the gas-phase rearrangement of epoxides 
under the influence of solid catalysts using Flash Vacuum Thermolysis (FVT), at 
temperatures up to 400° C. It was noticed that basic solid catalysts promoted the 
formation of an allylic alcohol from a-pinene oxide. Depending on the reaction 
conditions, also high yields of ketone could be obtained which was also observed when
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acidic solid catalysts were used. Limonene epoxide was not studied. An important 
feature of FVT is the short resident time of the reactant in the hot tube where the catalyst 
is present. As a result, labile compounds can be studied which would not survive such 
high temperatures otherwise. Lithium phosphate is a good catalyst for the rearrangement 
of epoxide in the gas phase according to Sheng19, Srednev20, and two patents.17’18 We 
used the FVT apparatus (see Experimental section, Figure 6.4) to study the 
rearrangement of limonene epoxide under the influence of Li3PO4 at high temperature in 
vacuum. The products were analyzed with GC and GC-MS (Scheme 6.8 and Table 6.2). 
A high conversion was found at 400° C (entry 2) but this reaction gave mainly 
dehydration products (dienes 11 and 12 and p-cymene 13) as the most stable products. At 
300° C the conversion was also very high (95%, entry 3) but now the selectivity shifted 
toward allylic alcohols 9 and 10, and the desired isomer carveol 3. Unfortunately, the 
most stable allylic alcohols 9 and 10 are not the desired products. In general, lower 
temperatures were found to be beneficial for allylic alcohol formation. The use of the 
catalyst as compared to the non-catalyzed reaction (entries 1 and 3) gave more hydrated 
products (3, 9 and 10) instead of carbonyl products (7 and 8), which are formed at high 
temperature without a catalyst.
O
O
B 3N
6.2.4 O xidation of alcohols
As shown above, limonene epoxide 4 can be successfully converted into the diol 5, but 
the in situ dehydration of this compound to form the desired allylic alcohol 3, is not 
successful. The most important problem associated with the dehydration of diols is the 
large number of regio-isomers that can be formed. Of these isomers carveol is the least
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accessible product. It may be a better strategy, therefore, to oxidize the diol 5 first and 
subsequently dehydrate the product, as is possible according to, e.g. Corey.63 We were 
able to oxidize 5 to the a-hydroxyketone 14 using 2,3-dichloro-5,6-dicyano-1,4-benzo- 
quinone (DDQ) as the oxidant, but because of the large amount of byproducts that were 
formed (stoichiometric amounts of 2,3-dichloro-5,6-dicyanohydroquinone were 
generated) and the elaborate purification procedure (column chromatography) this is not 
a feasible route toward carvone.
A very useful method for the oxidation of primary and secondary alcohols to the 
corresponding carbonyl compounds is the Swern oxidation64’65 in which DMSO is 
activated by an electrophile (usually oxalyl chloride) to form an intermediate sulfonium 
cation. Nucleophilic attack of a hydroxy function on the activated DMSO and 
elimination of CO and CO2 gives a sulfonium adduct which eliminates dimethyl sulfide 
under the influence of a base, yielding the carbonyl compound (Scheme 6.9).
Performing the Swern oxidation of diol 5 (an 80/20 mixture of two isomers 
according to GC analysis, obtained from the zeolite-catalyzed ring opening, Table 6.1) at 
-60° C with DMSO and oxalyl chloride in dichloromethane afforded 65% of 
a-hydroxyketone 14, at 90% conversion. Remarkably, 25% of carvone 2 had formed, 
most likely by an in situ dehydration reaction of 14. Increasing the amounts of oxalyl 
chloride or base, or adding molsieves or increasing the temperature did not afford more 
carvone. This indicates that neither oxalyl chloride nor triethylamine alone act as the 
dehydrating agents, nor does a dehydration equilibrium exist which can be shifted by 
removing water from the reaction mixture. W hen the mixture of a-hydroxyketone and 
carvone was reacted with Swern reagents again, this did increase the amount of carvone 
to 56%, but never more than this. Remarkably, when a sample of diol obtained from the 
sulfuric acid catalyzed ring opening of 4 (only one isomer was present according to GC 
analysis) was subjected to a Swern oxidation, only a-hydroxyketone was formed. We 
may conclude from this that the activated DMSO probably reacts with both the tertiary 
and the secondary hydroxyl function but that the latter gives oxidation to the ketone via 
the mechanism outlined in Scheme 6.9, whereas the former dehydrates to create a double 
bond or decomposes back to the starting hydroxyl compound, depending on the 
stereochemistry. It is known that pyrolytic eliminations (effected by heat instead of a 
base) from cyclic compounds such as 14 can take place in a syn fashion, thus the 
dehydration is limited to three out of the four diastereoisomers of the starting diol (5a, 5c 
and 5d) since the conformation of the six-membered ring is restricted by the zso-propenyl 
substituent (which is preferrably equatorial). GC analysis showed two peaks for the diol 
that was synthesized with the acetate buffer and the zeolites as catalysts. These isomers 
could be separated by column chromatography. Only one diastereoisomer was observed 
when the diol was synthesized using sulfuric acid. In order to determine the structures of 
the two isolated diastereoisomers of 5, we used NM R analysis described below.
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Figure 6.1 500 MHz 1H-NMR spectrum (top) and corresponding NOESY spectrum 
(bottom) (solvent: CDCl3) of diol 5 synthesized by ring opening of limonene epoxide 
with 6% aqueous sulfuric acid.
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Figure 6.2 300 M Hz ‘H-NMR (solvent: CDCl3) of diol 5 synthesized by ring opening of 
limonene epoxide with 6% aqueous sulfuric acid.
The N O E’s in the ‘H-NMR spectra of the diol product obtained by sulfuric acid 
ring opening of limonene epoxide 4 (the more polar product according to G C analysis) 
were in agreement with structure 5b of the product (Figure 6.1). Proton H2 (for 
numbering see Figure 6.2) did not show an NOE contact with H4. Since the iso-propenyl 
group at C4 is always in the equatorial position, the corresponding proton H4 must be 
axial. The lack of an NOE effect means that H2 is equatorial, thus the hydroxyl on C2 
must be axial in agreement with structure 5b (Royals and Leffingwell10 already noted 
that this configuration is the most likely one). Furthermore, the methyl group on C1 
displays no large N O E’s which makes it likely that this group is equatorial leaving the 
hydroxyl on C1 in the axial position.
The XH-NMR spectrum of the second diol product (Figure 6.3, the more apolar 
product according to GC analysis) showed a double doublet for H2, with one small and 
one large coupling, whereas a broad signal with unresolved small couplings was observed 
in the spectrum of 5b. This means that H2 in the former compound has a large coupling 
with another proton which, according to the Karplus relation that describes the 
dependence of the size of 3/ H>H on the dihedral angle H-C-C-H, indicates a 1,2-diaxial 
relation between the protons. This is only possible if H2 is axial (as opposed to the 
equatorial position of H2 in 5b) and couples with the axial proton H3. This then means 
that H2 is close to the axial protons on C4 and C6 (H4 and H6). Since H2 does not have 
an NOE (not shown) with the methyl protons (10), we conclude that this methyl group as 
well as H2 are axial. This leaves both of the hydroxyls on C1 and C2 in the equatorial
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Figure 6.3 300 MHz 'H-NM R (solvent: CDCl3) of diol 5 obtained by ring opening of 
limonene epoxide with zeolite NaY.
position, in agreement with structure 5d (which is the most likely one according to the 
literature10).
From the conformational analysis of the two isomers of 5 we may conclude that 
the above mentioned assumption that the tertiary hydroxyl group of 14 is dehydrated by 
activated DMSO to give carvone is likely. However, we cannot explain yet why 56% of 
carvone is formed while only 20% of the isomer 5d is present. The other isomer 5b 
should not be able to dehydrate. An explanation may be that the conformation of 5 is not 
very rigidly locked by the i-propenyl group so that isomer 5b exists as a mixture of 
conformers with the OH groups both in the axial and diequatorial conformations. The 
latter conformation should be able to undergo dehydration under the influence of 
activated DMSO. This does not explain, however, why we were not able to convert the 
rest of the a-hydroxyketone into carvone. Clearly, more studies need to be done.
Since the a-hydroxyketone 14 is well accessible, we investigated the possibility of 
dehydrating this compound to carvone 2 with other methods than activated DMSO. 
However, 14 appeared to be very resistent toward dehydration, since we observed no 
reaction using e.g. tosyl chloride in pyridine, toluenesulfonic acid in pyridine or acetic 
anhydride. Sulfuric acid (50% in water) gave a mixture of unidentified products. Thionyl 
chloride in pyridine as described by Barton66 gave the a-chloroketone. The only 
successful experiment was the reaction with thionyl chloride in pyridine in the dark.67
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After 5 days at room temperature, 90% of 14 had reacted and 46% of carvone 2 was 
formed. Other products were not identified.
6 .3  C o n c l u s i o n s
Limonene epoxide 4 can be quantitatively converted into the 1,2-diol 5 with various acids 
as catalysts. Most useful are solid acids such as zeolites (e.g. MCM-41 and NaY) which 
are very effective, cheap and easily re-used. The next step in the route toward carvone is 
dehydration of 5. It was shown that direct hydration using a variety of methods yields 
mixtures of products, in which the desired isomer carveol 3 usually is a minor product. 
The direct formation of allylic alcohols from the epoxide causes the same problem, i.e. a 
mixture of products is formed.
The problem outlined above could be circumvented by oxidizing diol 5 before 
dehydrating the compound to carvone. A suitable procedure for this was found in the 
Swern oxidation using DMSO and oxalylchloride. The sec-hydroxyl group of compound 
5 was oxidized with good efficiency to the a-hydroxyketone 14 in 65% yield. 
Remarkably, the byproduct of the reaction was carvone which was formed in 25% yield. 
Optimization led to a yield of 56% carvone 2 with the sole other product being 14.
6.3.1 Suggestions for further research
While the synthesis of carvone described above can compete in yield and efficiency with 
most carvone syntheses reported in the literature, the method appears to be unsuitable for 
industrial use. We would therefore like to offer some ideas for studies which were outside 
the scope of this thesis, but may lead to interesting new routes for the synthesis of 
carvone or related compounds from limonene.
Oxidation of diol 5 with subsequent dehydration is an acceptable procedure when 
this oxidation is established with a cheaper and cleaner method than the Swern oxidation 
described here. Aerobic oxidation is not expected to be successful since hydroxy 
functions interfere with the radicals that are usually formed during these oxidations (see 
Chapters 2 and 3). A method related to the Meerwein-Ponndorf-Verley oxidation may be 
used, in which an alcohol is oxidized using aluminum isopropoxide and acetone. The 
latter compound in turn is reduced to i-propanol.
Epoxide ring opening using solid catalysts offers some possibilities. FVT 
experiments reveal that many products are formed when Li3PO4 is used as a catalyst, and 
that factors such as temperature and catalysts pretreatment greatly influence the 
distribution of these products. Since FVT is still a new field, it may be worthwhile to 
further test the abovementioned catalyst Li3PO4, or other solid catalysts like zeolites or 
clays, to obtain the desired allylic alcohol from an unsymmetrical epoxide such as 4. The 
dehydration reaction of the easily obtained a-hydroxyketone 14 using solid catalysts 
should be investigated in more depth as well.
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Solid (heterogeneous) catalysts, such as transition metal substituted 
aluminophosphates (APO’s), are frequently used for oxidation reactions including 
epoxidations and allylic oxidations (see for example the studies from Sheldon and co- 
workers68). Since unsymmetrical alkenes such as limonene are difficult to oxidize in a 
regioselective fashion, direct allylic oxidation with soluble transition metal catalysts most 
likely will not be successful. It would be interesting, however, to combine the catalytic 
activity of solids like APO’s or other zeolites with their ability to rearrange epoxides at 
elevated temperatures, for instance in an FVT set-up.
6 .4  E x p e r i m e n t a l
6.4.1 M aterials
CH2Cl2 was dried over CaCl2 and distilled from CaH under dry nitrogen and stored over molecular sieves. 
THF and diethyl ether were dried over sodium metal with benzophenone as an indicator. All other solvents 
were distilled before use. S-limonene (Aldrich, 96%, Fluka, 97%) and limonene epoxide (Aldrich, 97%) and 
all authentic samples of the reaction products were commercially obtained. All other reagents were from 
Acros, Fluka or Aldrich and were >97% pure. Zeolite NaY was a kind gift from Akzo-Nobel (Deventer, 
the Netherlands). MCM-41 and HA-HPV were gifts from the Department of Organic Chemistry and 
Catalysis, University of Delft (Delft, the Netherlands). All reaction products were identified with gas 
chromatography and GC-MS, and compared to authentic samples when available.
6.4.2 Instrum entation
GC analyses were performed on a Varian 3700 instrument with a fused silica capillary column, 25 m 
length, 25 ^m diameter with a CP-Sil 5CB stationary phase or a 15 m length, 35 ^m diameter column with 
an FFAP stationary phase. The instrument was equipped with a flame-ionization detector and coupled to a 
Hewlett Packard 3395 integrator. Another GC instrument used was a Varian 3800 with a Supelco 
fused-silica capillary column (15 m length, 35 ^m ID, df = 1.0 ^m) with a FFAP stationary phase. Data 
were analyzed with Varian Star 5.2 software. GC-MS analyses were done on a Varian Saturn II instrument 
with a HP-1 capillary column (25 m length, 0.32 |im ID, df = 0.17 ^m) and an ion-trap MS detector. NMR 
analysis was performed on a Bruker AC-300 instrument, NOESY experiments were carried out on a 
500MHz instrument; the solvent was CDCl3.
6.4.3 Syntheses
Reaction of limonene epoxide with aqueous sulfuric acid
H2SO4 (10 ml of 6% concentrated acid in water) was added to limonene oxide (2.0 g, 13.2 mmol) and this 
mixture was stirred at 0° C for 5 hrs. during which a white precipitate was formed. This precipitate was 
filtered and recrystallized from chloroform to yield 1.61 g (9.5 mmol, 72%) of a white solid, diol 5b. 
1H-NMR (300 MHz CDCl3, 5): (see Figure 6.4 for numbering of the atoms) 4.74 (2H, s, vinyl-CH2, NOE 
with allyl-CH3), 3.65, (1H, q, H2, NOE with H6 or H5), 2.27 (1H, m, H4, NOE with H3 and allyl-CH3), 
1.94 (1H, m, H3, NOE with H4 and H2), 1.78-1.60 (6H, m, H3, H4, H5, H6), 1.73 (3H, s, allyl-CH3, NOE 
with vinyl-CH2), 1.27 (3H, s, CH3); 5C (75 MHz CDCl3): 108.9 (vinyl-C), 73.9 (C2), 71.3 (C1), 37.4 (C4), 
34.0, 33.7, 26.1 (ring-C), 26.7 (CH3), 21.0 (CH3); MS: M/z (EI) 152, 137, 119, 43 (100).
Reaction of limonene epoxide with acetic acid
Acetic acid-sodium acetate buffer solutions were prepared by adding the required amount of aqueous 4M 
NaOH to an aqueous 1M acetic acid solution. Limonene epoxide (1.0 g, 6.6 mmol) was reacted with 15 ml 
of the desired buffer solution at 30° C, during 24 hrs. A white precipitate was formed which was dissolved 
in CH2Cl2. The solution was dried with MgSO4 and after evaporation of the solvent the products was
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recrystallized from CH2Cl2 to yield 2.77 g (6.1 mmol, 93%) of 5 (a mixture of isomers). The mother liquor 
contained an oil which consisted of equal amounts of the two diol isomers. These were separated by 
column chromatography (CH2Cl2 as the eluent) to obtain two yellow-white powders. One was compound 
5b (NMR data see above), the other was a diastereomeric diol 5d of which the NMR data are as follows. 
1H-NMR (300 MHz CDCl3, 5): 4.71 (2H, m, vinyl- CH2), 3.59 (1H, dd, J  11.8 Hz, J 4.5 Hz, H2), 1.70 (3H, 
s, allyl-CH,), 2.09-1.44 (5H, m, H3, H4, H5), 1.37-1.25 (2H, m, H6), 1.21 (3H, s, CH3)
Reaction of limonene epoxide with solid acids
Limonene epoxide (6.6 mmol, 1.0 g) was stirred with 100 mg of the appropriate solid acid (all were used as 
received) in 10 ml of water at 0° C for 5 hrs. When no reaction occurred, the temperature was raised to 
100° C and the mixture was refluxed overnight. For the experiments in mixed solvents, 10 ml of the mixed 
solvent was used with the above amounts of reactants. For other conditions, see Table 6.1. After cooling, a 
white precipitate was formed which was filtered off and analyzed with GC and compared to the sample 
prepared using sulfuric acid as a catalyst (see above). In all cases the white precipitate was the pure diol 5. 
The mother liquor was purified as described in the previous experiment. Again, the same two isomeric 
diols 5b and 5d were obtained.
Reaction of limonene epoxide with alumina
a) Activated alumina (55 mg, activity III, containing 6 g of water per 100 g) was added to limonene 
epoxide (1.0 g, 6.6 mmol) and heated at 200° C for 3 days. A black mixture was formed which was cooled 
to room temperature. CH2Cl2 was added, the mixture was filtered and the solution was analyzed by GC.
b) Commercial alumina was pretreated by heating in vacuo overnight. After cooling, under an inert 
atmosphere limonene epoxide (0.5 ml, 1.8 mmol) and toluene (2.5 ml) were added to 0.3 g of the 
pretreated alumina. The mixture was heated to 90° C for 3 hrs., cooled, filtered and analyzed by GC.
Reaction of limonene epoxide with soluble bases
a) Potassium-t-butoxide (2.8 g, 25 mmol) was dissolved in 10 ml of dry THF. Limonene epoxide (1.5 g, 10 
mmol) was added and the mixture was refluxed for 18 hrs. After quenching with brine, extracting with 
diethylether (3 x 15 ml), drying with MgSO4 and evaporating the solvent, the product mixture was 
analyzed by Gc and GC-MS.
b) As in a) but Na2CO3 (2.7 g, 25 mmol) was used instead of K(t-BuO).
c) As in a) but with KOH (1.0 g,25 mmol) in 10 ml of water.
Reaction of limonene epoxide with lithium di-n-propylamide
Freshly distilled di-n-propylamine (3.4 ml, 25 mmol) was added under an inert atmosphere to 10 ml of dry 
THF. The solution was cooled to 0° C and n-butyllithium (1.6M solution in hexane, 15.6 ml) was added. 
After stirring for 40 min., limonene epoxide (1.5 g, 10 mmol) was added and the mixture was refluxed for 2 
hrs. The reaction was quenched with brine (20 ml), the resulting mixture was extracted with diethyl ether 
(3 x 15 ml) and the combined organic phase was dried with MgSO4 and concentrated in vacuo. The product 
mixture was analyzed by GC and GC-MS.
Reaction of limonene epoxide with boron trifluoride etherate
BF3- O(C2H5)2 (4 ml, ~30 mmol) was added to limonene epoxide (3.0 g, 20 mmol) in CH2Cl2 (15 ml) under 
an inert atmosphere at 0° C. After 2 hrs., the reaction was quenched with a solution of Na2CO3 in water (20 
ml, 0° C). The water layer was extracted with dichloromethane, the combined organic layers were dried 
with MgSO4 and the solvent was evaporated in vacuo. The product (80% of dihydrocarvone by GC) was 
purified using column chromatography (eluent: chloroform-methanol 95:5 v/v) to yield 1.64g (54%) of 
dihydrocarvone 8 as a clear oil. MS: M/z (EI) 152, 137, 123, 67 (100). The 1H- and 13C-NMR spectra were 
found to be identical to the literature.69
Bromination of dihydrocarvone 8
Dihydrocarvone 8 (0.2 g, 1.3 mmol) in CHCl3 (20 ml) was cooled to 0° C and bromine (0.22 g, 1.3 mmol) 
in 10 ml CHCl3 was added. After stirring for 2 hrs. a thiosulfate solution was added, the organic layer was 
separated and washed with water and Na2CO3, dried with MgSO4 and concentrated to obtain 7,8- 
dibromodihydrocarvone. 1H-NMR (300 MHz CDCl3, 5): 4.04 (1H, d, J  10.3 Hz, CH2Br), 3.79 (1H, d, 
J  10.4 Hz, CH2Br), 2.45-1.74 (8H, m, ring-H), 1.91 (3H, s, CH3-CBr), 1.04 (3H, d, J 2.1 Hz, CH3). M/z 
(EI) 313 (6), 284 (2), 233 (25), 231 (25), 215 (13), 213 (13), 189 (4), 187 (4) , 151 (20), 133 (12), 123 (22), 39 
(100).
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Figure 6.4 Flash-Vacuum Thermolysis apparatus (figure 
reproduced from van der Waals61).
Reaction of limonene epoxide with allyl alcohol
Allyl alcohol (2.9 ml, 43.1 mmol) was added to limonene epoxide (1.1 g, 6.6 mmol) in 20 ml of CH2Cl2 
under an inert atmosphere. The mixture was cooled to 0° C and BF3- O(C2H5)2 (1.24 ml, 13.6 mmol) was 
added. After 3 hrs. the reaction was quenched with Na2CO3 (20 ml of a saturated aqueous solution). The 
organic layer was separated, washed with water, dried with Na2SO4, and concentrated. The product was 
analyzed by GC and GC-MS.
The product mixture containing about 3 mmol of an allyl ether (GC analysis) was dissolved in 10 
ml of CH2Cl2, cooled to 0° C and BF3- O(C2H5)2 (0.6 ml, 5 mmol) was added as a dehydrating agent. The 
solution was warmed to room temperature and stirred for 1.5 hrs., after which the reaction was quenched 
with Na2CO3 (20 ml of a saturated aqeous solution). The water layer was extracted with CH2Cl2 (2 x 15 
ml). The combined organic layers were washed with brine (15 ml), dried with MgSO4 concentrated and 
analyzed by GC.
Flash-Vacuum Thermolysis of limonene epoxide
Lithium phosphate was synthesized as reported by Sheng:19 Na3PO4 (5.2 g, 13.6 mmol) was added rapidly 
to a stirred aqueous solution of LiOH (1.14 g, 27 mmol in 50 ml). The precipitate was filtered off and the 
solid was dispersed in 100 ml of water. This dispersion was stirred for 20 min. at 60° C and filtered. This 
dispersion/filtration cycle was repeated 4 times until the filtrate had pH 11. The white solid was dried at 
200° C for 16 hrs.
An FVT apparatus described by Van der Waals61 was used (Figure 6.4). Lithium phosphate (200 
mg) was loaded into the quartz tube and the apparatus was closed and flushed with nitrogen gas. The 
thermolysis oven was brought to the desired temperature and was equilibrated for 15 min. Limonene oxide 
(50 mg) was vaporized within 30 min. (in vacuo at 40° C in the sublimation oven) and led over the heated 
catalyst. The products were condensed at -80° C in the receiving cooler. After the reaction the product 
mixture was dissolved in dichloromethane and analyzed by GC and GC-MS.
Oxidation of diol 5 with DDQ
Diol 5 (0.17 g, 1.0 mmol) was dissolved in 5 ml of benzene and 2,3-dichloro-5,6-dicyano-1,4-benzoquinone 
(DDQ, 0.56 g, 1.5 mmol) was added. The mixture was stirred overnight at 70° C. Thereafter, the benzene 
was removed in vacuo and to the residue CH2Cl2 was added. The desired products dissolved and the 
quinones and hydroquinones were filtered off. Unfortunately, the solubility difference between the products 
and quinones in CH2Cl2 was not large enough to allow purification of the material by column 
chromatography. Other solvents such as n-hexane were tried but were not suitable either.
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Swern oxidation of diol 5
A solution of oxalyl chloride (0.36 g, 2.8 mmol) in 5 ml of CH2Cl2 was cooled to -60° C. DMSO (0.53 g,
6.8 mmol) in 5 ml of CH2Cl2 was added dropwise over a period of 5 min.. After stirring for 10 min., diol 5 
(a 80/20 mixture of isomers, 0.48 g, 2.8 mmol) was added over a period of 5 min., and the mixture was 
stirred for another 10 min.. An excess of triethylamine (3 ml) was added dropwise in 5 min., after which 
the reaction was warmed to room temperature. Water (30 ml) was added, the organic layer was separated, 
and the water layer was washed with dichloromethane (15 ml). The combined organic layers were washed 
with water (20 ml), aqueous HCl (1M, 20 ml), Na2CO3 (aq., 20 ml), water (20 ml), and then dried with 
MgSO4. The solvent was removed in vacuo and the product was analyzed by GC, which showed 65% of the 
a-hydroxyketone 14 and 25% of carvone 2. The oil was purified using column chromatography (eluent: 
CH2Cl2) to yield 14 as a light yellow oil. 1H-NMR (300 MHz CDCl3, 5): 4.87 (1H, s, vinyl-H), 4.71 (1H, s, 
vinyl-H), 3.27 (1H, s, OH), 2.83-2.53 (2H, m, ring-H), 2.00-1.74 (5H, m, ring-H), 1.74 (3H, s, CH3), 1.25 
(3H, s, CH3); 5c (75 MHz CDCl3): 213.6 (C=O), 145.9 (vinyl-C), 112.2 (vinyl-C), 75.7 (C-OH), 43.8, 41.3, 
36.9, 30.4 (ring-C), 25.3, 21.7 (CH3); M/z (EI) 169 (8), 151 (39), 133 (7), 125 (28), 107 (42), 91 (9), 79 (30), 
67 (33), 53 (17), 43 (100). Repeating the same experiment using pure 5d gave 14 as the only product, no 
carvone was observed.
Swern oxidation of diol 5 (2nd experiment)
The procedure described above for the Swern oxidation of 5 was repeated with 0.61 g (1.7 eq.) of 
oxalylchloride, 0.71 g (3.4 eq.) of DMSO and 0.5 g (2.8 mmol) of diol 5. The reaction was quenched, 
washed and dried as described above. The product oil contained 59% of 14, 28% of carvone 2 and 10% of 
unreacted diol 5. This mixture (0.31 g) was dissolved in 5 ml of CH2Cl2 and the Swern procedure was 
repeated again (in which the mixture was treated as if it were diol), using 0.39 g (2.9 mmol) oxalyl chloride 
and 0.55 g (6.9 mmol) of DMSO. After quenching, washing and drying as described above, the oil was 
analyzed by GC. It contained 56% of carvone 2 and 44% of a-hydroxyketone 14. No other products were 
detected. Subjecting this mixture to Swern oxidation again did not give any changes.
Synthesis of carvone 2 from diol 5 using a modified Swern oxidation
To a mixture of DMSO (2.4 g, 30 mmol) and acetic acid anhydride (1.5 ml, 15 mmol), diol 5 (0.53 g, 3.0 
mmol) was added and this mixture was stirred overnight at room temperature. The reaction was quenched 
by pouring the mixture in ice (15 ml) and extracting it with CH2Cl2 (15 ml). Analysis was performed by 
GC.
Dehydration of a-hydroxyketone 14 with thionyl chloride
a-Hydroxyketone 14 (0.51 g, 3.0 mmol) was dissolved in pyridine (5 ml), thionyl chloride (0.5 ml) was 
added and the mixture was stirred at room temperature with exclusion of light. After 5 days, the reaction was 
quenched by pouring the brown mixture in water (25 ml). The water layer was extracted with CH2Cl2 (2 x 
25 ml) and the combined organic layers were washed with aqueous Na2CO3, dried with MgSO4, 
concentrated and analyzed by GC. Performing the same reaction in light afforded the a-chloroketone (yield 
30%) which was analyzed by GC-MS: M/z (EI) 186 (5), 171 (3), 151 (5), 135 (3), 122 (16), 107 (23), 95 
(29), 81 (24), 67 (100).
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Summary
A im  o f  this thesis
The project described in this thesis is aimed at the oxidation of olefinic and alkylaromatic 
compounds using molecular oxygen as an oxidant. The short history of catalysis research 
described in the Preface illustrates clearly that oxidation has played an important role in 
fundamental as well as applied chemistry. Presently, the need for new, clean and efficient 
oxyfunctionalization methods is still large as illustrated by the existence of the “Selective 
Catalytic Oxidations” section within the Innovation Oriented research Programme 
Catalysis, financed by the Ministry of Economic Affairs in the Netherlands. The research 
described in this thesis was conducted as a part of this IOP programme. In Chapter 1, the 
literature of aerobic oxidation is reviewed as far as it is relevant to the subjects described 
in this thesis. An overview of industrial processes which make use of oxygen is included.
Two industrially relevant oxidation processes were selected for a detailed 
investigation in this project. The first is the oxidation of limonene 1 to carvone 2, 
suggested by flavors and fragrances producer Quest International. Presently, the 
industrial production of carvone utilizes nitrosyl chloride (Scheme S.1) which is an 
environmentally demanding process. A new, clean process is desired. The second, 
challenging reaction is the oxidation of methylpyridines to pyridine carboxylic acids 
selected by the DSM company. It is inspired by this company’s growing interest in fine 
chemicals such as pharmaceuticals and pesticides, next to its bulk chemicals production 
from catalytic cracking of oil.
The M ukaiyam a epoxidation
As alternatives for the nitrosyl chloride route, a synthesis pathway from limonene to 
carvone can be envisaged in which the first step is the epoxidation of limonene. A 
Japanese chemist, Mukaiyama, has shown in the early nineties that aerobic oxidation of 
alkenes using a transition metal catalyst and an aldehyde as co-reagent is an efficient 
epoxidation method, which is now commonly referred to as the Mukaiyama oxidation 
(Scheme S.2). As partof the outcome of a previous IOP research project it was suggested 
that the Mukaiyama oxidation might be an interesting system to accomplish not only the 
epoxidation of limonene but also the oxidation of methyl pyridines.
In Chapter 2 of this thesis, a study into the scope and limitations of the 
Mukaiyama oxidation is described. The scope of the aerobic epoxidation of alkenes with 
an aldehyde as co-reagent and substituted p-diketonate-transition metal complexes (3) as 
catalysts is explored by comparing the results found in the literature and earlier results in 
our group with new studies. p-Diketonate complexes of nickel(II) i.e. bis(acetyl- 
acetonato)nickel(II), abbreviated as Ni(acac)2, proved to be among the best catalysts for
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this reaction, mainly for their high selectivity toward epoxide. It is shown that aldehydes 
are essential for the reaction to occur; alcohols can not replace them. Also, more than 
stoichiometric amounts of aldehyde are used in the reaction. For terpene epoxidation, a 
system using Ni(acac)2, isobutyraldehyde and oxygen in dichloromethane is the most 
effective combination of catalyst, co-reagent and oxidant. For use in fine chemical 
applications, however, the Mukaiyama process is still too expensive due to the need for 
an excess of aldehyde co-reagent.
In order to develop any suitable industrial process based on the Mukaiyama 
epoxidation, it is crucial that there is a detailed knowledge of the mechanism of the 
reaction. We found that this knowledge exhibits large gaps, for example the fate of the 
large amount of aldehyde which is needed as a co-reagent. We therefore focused an 
important part of the project on studies into the mechanism of the epoxidation reaction. 
This is described in Chapter 3 where we investigate the mechanism of the Mukaiyama 
epoxidation of limonene 1 to limonene epoxide. The epoxidation of limonene with 
dioxygen, an aldehyde and a bis(acetylacetonato)nickel(II) catalyst is studied in detail as 
the first step in the synthesis of carvone 2 for the flavors and fragrances industry.
All major products of the catalyzed reaction have been quantitatively identified. 
The main products evolving from the aldehyde are carboxylic acid, CO2, CO, and a 
ketone and alcohol which possess one carbon atom less than the original aldehyde. These 
products were expected on the basis of a study, published in 1994, into the co-oxidation 
of an aldehyde with an alkene without a catalyst (Scheme S. 3). An acylperoxy radical 
which is formed by autoxidation of the aldehyde in reaction (2) is the epoxidizing species 
(reaction (3)). The resulting carboxyl radical decarboxylates (reaction (4)) to give an alkyl 
radical which in turn is oxidized by molecular oxygen to give an alkylperoxy radical 
(reaction (5)). One molecule of ketone and alcohol (K + A) are formed by Russell 
termination of a tetroxide resulting from the combination of two alkylperoxy radicals.
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The observation of carbon dioxide and (K + A) in a 1:1 ratio supports the outlined 
mechanism. We conclude that the mechanism proposed in the literature for the 
uncatalyzed epoxidation (Scheme S.3) is valid for the (catalyzed) Mukaiyama 
epoxidation as well. Each of the products K + A are formed in amounts corresponding to 
50-60% of the molar amount of epoxide, indicating that epoxidation by acylperoxy 
radical is not the only epoxidation pathway. Peracid epoxidation takes place as well.
The Mukaiyama epoxidation was also studied using cyclohexene as a substrate and 
a number of different metal salts and metal complexes as catalysts. The sensitivity of 
cyclohexene for allylic oxidation provides information about the precise action of the 
catalyst; metals which form stable high valence complexes are more likely to induce 
allylic oxidation. Color changes in the reaction mixture indicate the presence of these 
oxidized complexes. In the case of nickel, no high valence complex was present during 
the reaction and the nickel catalyst was shown to induce the highest selectivity for 
epoxide. A mechanism for the Mukaiyama oxidation is proposed to account for this 
observation.
In fine chemical applications, homogeneous catalysts are commonly used because 
they are more versatile and much better tunable, though sometimes more expensive and 
more vulnerable. If such a homogeneous catalyst can be anchored to a carrier or support 
to combine the advantages of heterogeneous and homogeneous catalysts, a potentially 
interesting system is obtained, provided that the immobilized catalyst is equally active 
and selective as the soluble one. In cooperation with Prof. Sherrington’s group 
(Strathclyde University, Glasgow, UK), the catalysts described in Chapters 2 and 3 were 
immobilized on polymer supports. In Chapter 4, the studies on this heterogenized 
Mukaiyama epoxidation system are described. Nickel(II) acetylacetonate bound to 
polybenzimidazole (PBI-Ni, Ni-4) is shown to be an efficient catalyst for the aerobic 
epoxidation of alkenes with an aldehyde as co-reactant. Rates of reaction and yields of
+
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epoxide are higher with this system than with dissolved Ni(II) acetylacetonate under 
otherwise identical conditions. The polymer-bound complex acts as a heterogeneous 
catalyst, i.e. the active species is bound to the polymer and can be recovered from the 
reaction mixture. Some loss of activity is observed upon re-use of the catalyst due to 
leaching of the metal complexes. The leached species were not active as catalysts.
The selective aerobic epoxidation of limonene 1 to limonene epoxide 5 described 
in the previous chapters makes this reaction a suitable starting point for carvone 
synthesis. It was expected that the epoxide could easily be converted by hydration into 
the diol 6, and subsequently by dehydration into the allylic alcohol carveol 7, which may 
finally be oxidized to carvone 2 (Scheme S.4). Initially, it was believed that alcohols can 
replace aldehydes in the Mukaiyama epoxidation with concomitant formation of the 
ketone (carvone in this particular case). The latter assumption appeared not to be true 
(Chapter 2), but the outlined route was still considered an interesting alternative for the 
current production methods of carvone. In Chapter 6, a start is made with the 
development of a synthesis route for this chemical from limonene, via limonene epoxide. 
A successful method, although not very environmentally friendly, was found based on 
the acidic ring opening of limonene epoxide, after which the diol that is formed is 
oxidized with activated DMSO (Swern oxidation). This yields 56% of carvone together 
with 44% of the a-hydroxyketone.
Oxidation o f  alkylaromatic compounds
At DSM Research, more than a decade of research into the oxidation of alkylpyridines to 
pyridine carboxylic acids has provided many methods for this process, including 
oxidation by permanganate, ozone, and by electrochemical oxidation. Some of these 
processes are in principle suitable for the production of pyridine carboxylic acids, but are 
not ideal because of high costs and waste problems. Also, the Mukaiyama oxidation
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method is turns out to be unsuitable for this type of oxidations as we discovered in a 
short series of experiments (which are not discussed). A related oxidation method, 
however, developed in the early 1990’s for benzylic oxidations was thought to be 
applicable. It uses molecular oxygen (which was taken as a constraint for the research in 
this thesis), a transition metal catalyst and a A'-hydroxyphthalimide (NHPI) as a co­
reactant. This is an interesting catalytic system from the point of view of DSM, since this 
company produces N HPI itself. We decided to investigate the industrially relevant 
benzylic oxidation of phenylacetic esters (Scheme S.5). These studies are described in 
Chapter 5, including a detailed mechanistic discussion of the reaction. A variety of 
(substituted) aryl glyoxylates can be prepared in good to excellent yield (64-99%) under 
very mild conditions by direct oxidation of the corresponding aryl acetic esters or 
mandelic acid esters by molecular oxygen and Achydroxyphthalimide/cobalt(II) acetate 
as catalyst. Heteroaromatic analogs are more difficult to oxidize with this system. The 
effect of substitution in the aromatic ring of A'-hydroxyphthalimide on the oxidation of 
ethylbenzene has been studied. Electron withdrawing substituents on the aromatic ring of 
NHPI accelerate the oxidation of ethylbenzene and promote the formation of 
acetophenone. Electron donating substituents lead to decreased rates of oxidation and 
enhance the selectivity for the intermediate product 1-phenylethanol.
Conclusion
We conclude that catalytic aerobic oxidation is a valuable method for laboratory 
synthesis as well as for industrial production of fine chemicals. The selectivity of aerobic 
epoxidation and benzylic oxidation is high (up to 96%), and the reactions take place 
under mild conditions. New knowledge is collected in this study on the mechanism of 
aerobic epoxidation using the Mukaiyama system, especially on the role of the co-reagent 
and the catalyst. The reaction is easily controlled, as shown by the high selectivities, even 
though it is a radical chain reaction. W hen the costs of the epoxidation using a nickel 
catalyst and i-butyraldehyde can be reduced, a commercially interesting system for 
industrial applications is within reach.

Samenvatting
van het proefschrift getiteld: “Katalytische oxidaties met moleculaire zuurstof”
Inleiding
Je zou kunnen zeggen dat dit proefschrift gaat over het maken van spearmint uit 
sinaasappel. De chemische reactie die uitgaat van de olie uit sinaasappel- of 
citroenschillen en die eindigt met een olie die naar tandpasta of kauwgom ruikt, vormt 
het onderwerp van een groot deel van dit boekje. Die reactie is gebruikt als een model 
voor het onderzoek naar oxidatiereacties, wat het eigenlijke onderwerp van dit 
proefschrift is. Deze inleiding is bedoeld om een aantal specialistische termen die in de 
rest van de samenvatting worden gebruikt, te verduidelijken voor lezers zonder een 
chemische achtergrond.
Oxidatie betekent (onder andere) reactie met zuurstof. Met andere woorden: een 
stof wordt geoxideerd als het een chemische reactie ondergaat met zuurstof, dat het 
chemische symbool O heeft. Een speciaal geval daarvan, hoewel nogal voor de hand 
liggend, is de chemische reactie met zuurstof uit de lucht. Lucht is een mengsel van 21% 
zuurstof en bijna 78% stikstof. Dat deze reactie minder voor de hand liggend is dan op 
het eerste gezicht lijkt, wordt duidelijk als men bedenkt wat er zou gebeuren wanneer 
ieder willekeurig molekuul, en dus uiteindelijk elke stof of elk object om ons heen, zonder 
meer met zuurstof zou kunnen reageren. Omdat er zuurstof in overvloed is, zou alles om 
ons heen vergaan door oxidatie. Alles zou in feite gaan ‘roesten’ of ‘verbranden’, beide 
ook speciale vormen van oxidatie. De reden dat dit niet gebeurt is het bestaan van een 
‘energieberg’ die beklommen moet worden; er moet dus energie geï nvesteerd worden 
voordat een stof zal oxideren. Vandaar dat we vuur moeten aansteken.
Hoewel deze barrière in het dagelijks leven goed uitkomt, is het voor chemici vaak 
onhandig. Zij willen een bepaalde verbinding oxideren met zuurstof, maar moeten daar 
veel moeite voor doen. Een gevolg is dat het duur wordt om op die manier een nieuwe 
stof te maken, maar er is nog een tweede probleem. Als een oxidatie op gang moet 
worden gebracht zal er vaak veel energie in worden gestopt, bijvoorbeeld in de vorm van 
warmte. Als de reactie eenmaal op gang is geholpen kan hij door die grote hoeveelheid 
energie gemakkelijk uit de hand lopen. Om de vergelijking met een berg nog een keer te 
gebruiken: het kost veel moeite om met een fiets bovenop een berg te geraken, maar als je 
je vanaf de top naar beneden laat rijden, zonder te remmen, levert dat waarschijnlijk een 
ongeluk op. Hetzelfde kan gebeuren met de oxidatiereactie. Behalve de gewenste stof 
ontstaan ook allerlei andere stoffen. We spreken dan van een lage selectiviteit voor het 
gewenste reactieproduct. Er ontstaan dus, naast de moleculen die we willen hebben, ook 
allerlei ongewenste moleculen. Die moeten afgescheiden en daarna opgeslagen of 
vernietigd worden, hetgeen behalve duur ook ongewenst is uit milieuoogpunt.
Een belangrijke methode om bovengenoemde problemen aan te pakken is het 
gebruik van een katalysator. De definitie van een katalysator luidt als volgt. Een
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Figuur S.1 De natuurlijke bronnen van limoneen
katalysator is een verbinding die een chemische reactie beï nvloedt zonder daarbij zelf 
verbruikt te worden. Een goed gekozen katalysator kan in heel kleine hoeveelheden 
(minder dan é é n  gewichtsprocent) een chemische reactie sturen in de richting van het 
gewenste produkt, én  is in staat de energiebarrière te verlagen zodat er minder energie 
(bijvoorbeeld een lagere temperatuur) nodig is om de reactie te starten. Dit scheelt veel 
kosten en komt de selectiviteit ten goede.
Zowel de lage selectiviteit als de hoge barrière van oxidatiereacties willen we 
verbeteren door meer chemische kennis te vergaren over deze reacties. In dit 
promotieonderzoek is dat gedaan op twee manieren. In de eerste plaats door het in kaart 
brengen van de toepassingsmogelijkheden en de reactieomstandigheden. Voor een 
oxidatiereactie die op zichzelf al bekend was (het ‘recept’ is al beschreven), is onderzocht 
voor welke stoffen (‘variatie van de ingrediënten’) de reactie wel en niet bruikbaar is. Ook 
is bekeken welke katalysatoren het beste werken. De invloeden van temperatuur, druk, 
hoeveelheid en concentratie van stoffen, alsmede oplosmiddel zijn tot in detail 
onderzocht (de reactieomstandigheden). Zo’n overzicht is bruikbaar wanneer men in de 
toekomst een nieuwe, onbekende stof wil maken met deze bestaande methode. Men kan 
dan de uitkomst van te voren inschatten aan de hand van deze resultaten.
De tweede methode om kennis te vergaren die gehanteerd is in dit proefschrift is 
onderzoek naar het mechanisme van de oxidatiereactie. Met het mechanisme wordt een 
serie van vergelijkingen of regels bedoeld die de wijze beschrijft waarop de atomen in de 
moleculen zich herschikken. Het mechanisme geeft ook aan wat de katalysator doet 
tijdens de chemische reactie, want hoewel de katalysator onveranderd is na afloop, doet 
hij wel mee in de chemische processen tijdens de reactie. Als het mechanisme tot in detail 
bekend is, kunnen we gericht proberen in te grijpen op het moment dat er ongewenste 
chemische processen dreigen plaats te vinden. Op die manier zetten we de uitkomst van 
deze processen naar onze hand.
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Doel van het onderzoek en resultaten
Het doel van het onderzoek dat in dit proefschrift is beschreven is het ontwerpen van een 
efficiënte manier om oxidaties met zuurstof uit de lucht uit te voeren. Uit de Inleiding 
blijkt dat sinds het vakgebied van de katalyse is ‘uitgevonden’, oxidatie een grote rol heeft 
gespeeld in de fundamentele én  de toegepaste chemie. Ter illustratie en als 
achtergrondinformatie is in hoofdstuk 1 een overzicht gegeven van de wetenschappelijke 
literatuur die verschenen is met betrekking tot oxidaties met zuurstof. Een beschrijving 
van relevante industriële oxidatieprocessen is eveneens opgenomen. De afgelopen tien 
jaar is de interesse in katalyseonderzoek gebundeld in onder meer het Innovatie- 
georiënteerde Onderzoeks-Project Katalyse (IOP-Katalyse), gefinancierd door het 
Ministerie van Economische Zaken in Nederland. Een onderdeel van het IOP-Katalyse is 
het sub-programma ‘Selectieve Katalytische Oxidaties’ waarvan het hier beschreven 
onderzoek deel uitmaakt.
Voor het doen van gericht chemisch onderzoek naar oxidaties met zuurstof is in 
dit proefschrift gekozen voor twee modelreacties, te weten epoxidatie en benzylische 
oxidatie, beide gekatalyseerd door nikkel- en cobaltkatalysatoren. De eerste reactie die 
onderzocht is, de epoxidatie van alkenen, is onder andere een belangrijk onderdeel van 
een nieuw produktieproces dat uit limoneen 1 (de olie uit sinaasappelschillen) de 
spearmint-geurstof carvon 2 zou kunnen maken, een proces waarin onder meer geur- en 
smaakstoffenproducent Quest International geï nteresseerd is. Momenteel wordt carvon 
nog gemaakt via een reactie met nitrosylchloride (Schema S.1), waardoor de afvalstroom 
zeer vervuilend is. In de hoofdstukken 2, 3, 4 en 6 wordt het onderzoek naar deze reactie, 
die ook wel de Mukaiyama-epoxidatie wordt genoemd, beschreven. De tweede 
modelreactie, de benzylische oxidatie, die van belang is bij de productie van onder 
andere pesticiden en herbiciden, wordt beschreven in hoofdstuk 5.
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De Mukaiyama-epoxidatie
Een Japanse groep onder leiding van Mukaiyama heeft in het begin van de jaren ’90 een 
methode ontwikkeld waarmee alkenen met een hoge selectiviteit bij kamertemperatuur 
geëpoxideerd kunnen worden met zuurstof als oxidatiemiddel. Deze onderzoekers 
gebruikten daarvoor p-diketonaat complexen van het type 3 (ook wel acetylacetonaat- 
complexen genoemd) afgeleid van overgangsmetalen als katalysator en een aldehyde als 
co-reactant (Schema S.2). In hoofdstuk 2 staat beschreven wat de toepassings­
mogelijkheden zijn van het Mukaiyama-systeem. Een groot aantal alkenen is getest als 
substraat, verschillende metaalcomplexen zijn geprobeerd als katalysator en verschillende 
co-reagentia zijn onderzocht. Het bleek dat bis(acetylacetonato)nikkel(II) (Ni(acac)2) é é n  
van de meest actieve en selectieve katalysatoren is voor de epoxidatie van alkenen. Er 
wordt aangetoond dat de aanwezigheid van een overmaat aldehyde essentiëel is voor het 
verloop van de reactie en dat het aldehyde niet vervangen kan worden door een alcohol, 
zoals gesuggereerd is in de literatuur. Het gebruik van veel aldehyde maakt dat het 
Mukaiyama-systeem nog te duur en dus ongeschikt is voor toepassing in de industrie.
Het doel van het onderzoek was het ontwikkelen van betere, dus goedkopere en 
schonere, methoden voor het maken van carvon 2. Het is daarvoor noodzakelijk de 
epoxidatiereactie eerst in detail te begrijpen. Hoewel het bekend is dat de Mukaiyama- 
reactie verloopt via een radicaal-kettingreactie, een type reactie dat vaak voorkomt bij 
oxidatiereacties met zuurstof, is het niet bekend hoe een en ander precies gebeurt. Het is 
bijvoorbeeld nog onduidelijk wat het lot is van de overmaat aldehyde die als co-reagens 
nodig is. In hoofdstuk 3 is het onderzoek beschreven naar het mechanisme van de 
Mukaiyama-epoxidatie. Als voorbeeld is de epoxidatie van limoneen met behulp van 
Ni(acac)2 als katalysator genomen, met verschillende aldehydes als co-reagentia.
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Alle producten die ontstaan bij deze reactie zijn geï dentificeerd en de exacte 
hoeveelheid ervan is bepaald. Er ontstaat uiteraard limoneenoxide als product in hoge 
selectiviteit (tot 93%). De belangrijkste omzettingsproducten van het aldehyde zijn het 
overeenkomstige carbonzuur, kooldioxide en koolmonoxide, en een keton en een alcohol 
met é é n  koolstofatoom minder dan het oorspronkelijke aldehyde. Het ontstaan van al 
deze producten werd verwacht op grond van een onderzoek dat door Lassila en 
medewerkers is uitgevoerd naar de ongekatalyseerde co-oxidatie van alkenen en 
aldehydes. In het mechanisme dat Lassila et al. voorstellen (Schema S.3) is het 
oxiderende deeltje een acylperoxyradicaal. Het carboxylradicaal dat na epoxidatie 
ontstaat, valt uiteen in CO2 en een alkylradicaal. De laatste verbinding wordt geoxideerd 
door zuurstof met een alkylperoxyradicaal als resultaat. Twee van deze laatstgenoemde 
radicalen vormen samen een tetra-oxide dat via het zogenaamde Russell-mechanisme 
een molecuul keton (K) en een molecuul alcohol (A) vormt. CO2 en (K+A) worden 
gevormd in een molaire verhouding van precies 1:1, hetgeen een bewijs vormt voor 
bovenstaand mechanisme. We kunnen daarom concluderen dat het mechanisme in 
Schema S.3 ook van toepassing is op de gekatalyseerde Mukaiyama-epoxidatie. Het feit 
dat de verhouding van CO2 (of K+A) met epoxide niet precies 1:1 is (de hoeveelheid 
kooldioxide is ongeveer 50-60% van die van het epoxide) wijst erop dat een 
radicaalmechanisme (met acylperoxyradicaal) niet de enige weg is waarlangs epoxidatie 
plaatsvindt. Geconcludeerd kan worden dat een tweede oxiderend deeltje het perzuur is 
(gevormd uit de autoxidatie van aldehyde).
Voor het verkrijgen van inzicht in de rol van de katalysator in de Mukaiyama- 
epoxidatie was het nodig om ook de reactie met cyclohexeen als substraat te 
onderzoeken. Cyclohexeen is gevoelig voor allylische oxidatie die optreedt naast 
epoxidatie. Hierbij ontstaan 2-cyclohexen-1-ol en 2-cyclohexen-1-on. De verhouding 
waarin genoemde producten gevormd worden geeft informatie over de manier waarop de 
katalysator werkt: overgangsmetalen in een hoge oxidatietoestand induceren meer 
allylische oxidatie. Als er meer producten ontstaan door allylische oxidatie geeft dat aan 
dat er relatief veel metaalcomplex aanwezig is waarvan het metaal zich in de hoge 
oxidatietoestand bevindt en dat die complexen dus stabiel zijn. Een duidelijke 
kleurverandering in het reactiemengsel is een indicatie voor de aanwezigheid van 
complexen met hoog-valente metalen. Wanneer nikkel wordt gebruikt als katalysator 
wordt geen kleurverandering waargenomen en er vindt maar heel weinig allylische 
oxidatie plaats. Een mechanisme voor de Mukaiyama-epoxidatie dat deze waarneming 
verklaart wordt voorgesteld in hoofdstuk 3.
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In de fijnchemie worden homogene katalysatoren gebruikt omdat deze langs 
synthetische weg gemakkelijk aan te passen zijn aan de eisen van een bepaald proces 
(‘tuning’). ‘Homogeen’ in de katalyse betekent dat alle reactanten zich in dezelfde fase 
bevinden, in de meeste gevallen in een oplossing. Heterogene katalysatoren, die meestal 
als vaste materialen in een reactiemengsel van gassen of vloeistoffen worden toegepast, 
zijn veel minder flexibel, maar wel veel goedkoper en robuuster en worden vaak in de 
bulkchemie toegepast. Tevens kunnen heterogene katalysatoren veel makkelijker 
teruggewonnen en hergebruikt worden dan homogene katalysatoren, bijvoorbeeld door 
filtratie. Het zoeken van een katalysator die de flexibiliteit en activiteit bezit van een 
homogeen metaalcomplex, maar de duurzaamheid van een heterogene katalysator is een 
belangrijk doel. Een manier om zo’n katalysator te verkrijgen is het vastmaken van een 
metaalcomplex op een vaste onoplosbare drager. De groep van Sherrington van de 
Strathclyde University in Glasgow (Groot-Brittanië) is het gelukt om polymeren te 
gebruiken als drager voor de katalysator van de Mukaiyama-epoxidatie. In hoofdstuk 4 is 
het onderzoek beschreven naar de epoxidatie van limoneen en andere alkenen met 
verschillende polymeer-gedragen acetylacetonaat complexen, zuurstof als oxidator en een 
aldehyde als co-reagens. Ni(acac)2 gebonden aan polybenzimidazool (PBI 4) blijkt een 
efficiënte katalysator te zijn voor de epoxidatie van limoneen. De snelheid van de reactie 
en de opbrengst aan epoxide zijn hoger dan die van de homogeen gekatalyseerde reactie. 
Er is aangetoond dat de katalysator werkelijk heterogeen is, dat wil zeggen dat het actieve 
deeltje aan het polymeer gebonden is en zich niet in de oplossing bevindt. De katalysator 
kan teruggewonnen worden door middel van filtratie en opnieuw worden gebruikt, zij 
het met enig verlies van activiteit. De oorzaak van dit activiteitsverlies is dat een deel van 
het nikkelcomplex loslaat van het polymeer en in het reactiemengsel terechtkomt, waarna 
het teruggewonnen polymeer minder nikkel en dus minder actieve katalysator bevat. Het 
complex dat loslaat van het polymeer is niet meer actief als katalysator.
De selectieve epoxidatie van limoneen 1 naar limoneenoxide 5 met zuurstof (zie 
het voorgaande) is een goed uitgangspunt voor de synthese van carvon 2. Op grond van 
de literatuur was voorspeld dat het epoxide makkelijk kon worden gehydrateerd tot het 
diol 6, waarna dehydratatie tot het allylisch alcohol (carveol 7) plaatsvindt en vervolgens 
door oxidatie carvon 2 wordt gevormd (Schema S.4). Men dacht dat een alcohol zoals 7 
kon worden gebruikt als co-reagens in de Mukaiyama-epoxidatie van limoneen, waarbij 
de eerste wordt geoxideerd tot het keton 2. Dan zou een efficiënte één-pots-synthese van 
carvon binnen de mogelijkheden liggen. In hoofdstuk 2 is al aangetoond dat gebruik van
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een alcohol niet mogelijk is, maar de synthese van carvon uit limoneen via 
limoneenepoxide blijft een interessante route. In hoofdstuk 6 wordt een inleidend 
onderzoek beschreven naar de mogelijkheden van carvonsynthese uit limoneen. Een 
succesvolle, doch niet milieuvriendelijke route is gevonden via diol 6, dat kan worden 
omgezet in carvon met behulp van de Swern-oxidatie waarna dehydratatie plaatsvindt. 
Er werd 56% carvon gevonden samen met 44% van het a-hydroxyketon (het product van 
enkel een Swern-oxidatie zonder dehydratatie). Er wordt geconcludeerd dat het vinden 
van een milieuvriendelijke synthesemethode voor carvon via limoneenoxide nog 
aanvullend onderzoek vereist.
Oxidatie van alkylaromaten
Benzylische oxidaties worden toegepast bij de vervaardiging van herbiciden en 
pesticiden, maar ook bij de synthese van benzoë zuur (een conserveringsmiddel). DSM 
Research heeft al meer dan tien jaar onderzoek gedaan naar de oxidatie van 
alkylpyridines tot pyridinecarbonzuren. Er zijn talloze methoden gevonden, onder andere 
de stoechiometrische oxidatie met behulp van permanganaat, oxidatie met behulp van 
ozon en electrochemische oxidatie. De meeste van deze methoden zijn te duur of geven 
te veel milieuproblemen. Een betere route is dus wenselijk. Uit een korte serie 
experimenten (die hier niet worden besproken) blijkt dat het Mukaiyama-katalytische 
systeem niet geschikt is voor de oxidatie van alkylpyridines en alkylaromaten in het 
algemeen. Een verwante methode onderzocht door Ishii is het gebruik van 
A'-hydroxyftalimides (NHPI) in combinatie met cobalt(II) als katalysator, en zuurstof als 
oxidatiemiddel. Dit is met name een interessant systeem voor DSM omdat dit bedrijf zelf 
NHPI produceert. Vanwege de complicaties die optreden bij de oxidatie van 
methylpyridines hebben we een andere industriëel relevante reactie gekozen om te 
onderzoeken of het systeem van Ishii toepasbaar is. In hoofdstuk 5 wordt de benzylische 
oxidatie van fenylazijnzure esters naar fenylglyoxylaten met behulp van N HPI en 
cobalt(II) onderzocht (Schema S.5). Verschillende gesubstitueerde fenylazijnzure esters 
werden geoxideerd in goede tot zeer goede opbrengst (64-99%) onder milde 
omstandigheden. Analoge heteroaromatische verbindingen zijn moeilijker te oxideren 
met dit systeem. Het effect van de substituent in de aromatische ring van de NHPI 
katalysator is onderzocht voor de benzylische oxidatie van ethylbenzeen als 
modelsubstraat. Een electronaccepterende substituent induceert een snellere reactie en
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bevordert de vorming van acetofenon. Electrondonerende substituenten vergroten de 
selectiviteit naar 1-fenylethanol.
Conclusie
We kunnen concluderen dat katalytische oxidaties met zuurstof waardevol zijn zowel 
voor kleinschalige syntheses als voor industriële productieprocessen. De selectiviteiten 
van de epoxidatie- en benzylische oxidatiereacties die in dit proefschrift beschreven zijn, 
zijn hoog, tot 96%, en ze verlopen onder milde condities. Er is in dit onderzoek veel 
nieuwe kennis over het mechanisme van aërobe epoxidaties vergaard, met name over de 
rol van het co-reagens en de overgangs-metaalkatalysator. Hoewel het een radicaal 
ketenreactie betreft, is de reactie goed te controleren getuige de hoge selectiviteit. 
W anneer de kosten voor de epoxidatie met een nikkelkatalysator, i-butyraldehyde en 
zuurstof nog verder omlaag gebracht kunnen worden, is de Mukaiyama-reactie 
commerciëel een interessante methode voor industriële oxidatie.
Dankwoord
Hoe schrijf je een dankwoord zonder iemand te vergeten die je wel graag had willen 
bedanken? Je gaat alle gebeurtenissen nog eens na en bedenkt ondertussen wie allemaal 
geholpen hebben é é n  en ander in goede banen te leiden. Je maakt een lijstje, bladert eens 
in een oud proefschrift en stelt de volgorde van bedankjes vast die je gaat volgen. Het 
resultaat is meestal vergelijkbaar met wat de meeste voorgangers hebben opgeschreven, 
natuurlijk op de persoonlijke noot en de anekdotes na.
Zonder de illusie te hebben dat ik niemand zal vergeten, ó f dat ik heel orgineel 
ben, schrijf ik dit dankwoord op een wat andere manier. De gebeurtenissen, de 
experimenten en belevenissen, én  de mensen die daarbij horen, vormen samen een mooi 
overzicht van hoe het nou allemaal zo gekomen is, deze promotie.
Ergens in het voorjaar van 1996 postte ik een sollicitatiebrief naar een zekere professor 
Nolte die aan de universiteit van Nijmegen de afdeling Fysisch Organische Chemie 
leidde. Getipt door een promovendus in Utrecht waar ik afstudeerde; een studiegenoot 
van hem werkte al in de Nijmeegse groep. In het sollicitatiegesprek dat volgde maakte ik 
zowel met mijn promotor Roeland Nolte als met Martin Feiters kennis. Beide zijn 
hoofdpersonen geweest voor wat betreft het wetenschappelijk deel van dit boekje (toch 
wel het belangrijkste van een proefschrift). Roeland, bedankt voor het vertrouwen in een 
promovendus ‘van buiten’, en dan ook nog een vrouwelijke, al was het uit Utrecht. Het 
oxidatie-project heeft dan wel weinig te maken met supramoleculaire chemie, het heeft je 
nooit aan enthousiasme ontbroken. Martin is, als co-promotor en in de dagelijkse 
begeleiding met het onverbeterlijke optimisme een grote hulp geweest. W anneer alle 
problemen onoplosbaar leken en mechanismen maar niet wilden kloppen, had Martin in 
de trein wel weer een nieuw ideetje bedacht om het geheel uit de modder te trekken. 
Maar ook lekker kankeren op de NS vond bij mijn mede-treinreiziger een luisterend oor.
Ik belandde op de eerste verdieping in het UL en koos een buro in het hokje naast 
de labzaal. Op zaal was Hans Engelkamp al een half jaartje aan het werk, het andere hok 
behoorde aan Peter Buijnsters en zijn studenten. Toen Hans naar een buro in ‘mijn’ hokje 
verhuisde en begin 1997 Bart Nelissen er nog bij kwam zitten was de gezelligheid 
compleet. Hans en Bart, het was erg leuk in ons hok met de choco’s na de lunch, de drop, 
de radio en ga zo maar door. Peter en Hans, jullie zijn onverbeterlijke brulapen, maar het 
was wel erg stil toen jullie allebei weg waren de laatste maanden. En dan was er 
natuurlijk het hoofd van de zaal: Hans Adams. Onuitputtelijke bron van glaswerk, 
chemicaliën, oplosmiddelen, kopiëerkaarten, gereedschap, trucs uit de oude doos die het 
altijd doen, en opmerkingen over de rommel op zaal. Hans, we hebben wel een beetje 
ons best gedaan het opgeruimd te houden hoor. Als jij er niet was geweest, was onze zaal 
lang niet zo goed uitgerust geweest.
‘De begane grond’, de andere helft van onze afdeling, werd bevolkt door een 
grotere groep promovendi. Bert Klein Gebbink, Alexander Kros en Hans Elemans zaten
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er al, en Alan Rowan als UD, Rob Jansen en Jantien Foekema waren net voor mij 
begonnen. Later werd de groep uitgebreid met Jeroen Cornelissen, Edward Bijsterveld, 
Vera Sprakel, Jurry Hannink, Pieter de Witte, Bea Escuder, Cristina Garcia en alle 
anderen. Ik heb altijd veel lol gehad tijdens alle borrels, labuitjes, etentjes, Lunteren’s, 
NSR-bijeenkomsten, bowling-avonden en Heyendaal-volleybaltoernooien, dankzij deze 
mede-AIO’s en OIO’s, en alle post-docs, studenten en oud-studenten-die-AIO-zijn- 
geworden. Speciale dank voor Jantien, mijn persoonlijke gastvrouw en bedgenote, zo 
leek het soms wel. Je hebt een lekker twee-persoonsbed en een comfortable bank!
Nog geen week aan het werk in Nijmegen en ik mocht al naar mijn eerste IOP 
begeleidingscommissievergadering (mooi Scrabble-woord). Toen nog alleen om te 
luisteren naar de verhalen van mede-IOP’ers in het oxidatiekatalyse-cluster, later elk half 
jaar met een eigen lezing. Een paar programmacommissieleden wil ik bij naam noemen, 
hoewel de anderen in de (wisselende) commissie ook zeker belangrijke bijdragen hebben 
geleverd. Dhr. van der Weerdt van Quest International, en dhr. Christiaanse van IFF 
hebben mij veel kunnen vertellen over geurstoffen, met name limoneen. Als voorzitter 
van de commissie waren eerst Hans de Vries en later Paul Alsters (beide DSM Research) 
altijd met goede suggesties aanwezig. Patricia Gosling dank ik voor het plaveien van de 
weg als mijn voorgangster in het oxidatieproject en als IO P’er, en natuurlijk als mede­
auteur van mijn eerste artikel.
De samenwerking met DSM breidde zich al snel uit tot een maand meelopen op 
het lab bij Paul Alsters, in het najaar van 1996, om de fijne kneepjes van de 
zuurstofchemie te leren. Iedereen op de afdeling FC-OCB (inmiddels alweer 
gereorganiseerd) wil ik bedanken voor de hulp en gastvrijheid. Nadien ben ik nog vaak 
teruggeweest, soms een dagje, een keer een week, om van de oneindige kennisbron van 
radicaalreacties met zuurstof gebruik te maken. Paul, hartelijk bedankt voor alle hulp, tijd 
en informatie waarmee je een grote bijdrage hebt geleverd aan de hoofdstukken 3 en 5 
van dit proefschrift.
Tijdens de bezoeken aan DSM ontwikkelde zich een idee voor een interessante 
nieuwe oxidatiereactie, het lag echter iets te ver van mijn oorspronkelijke projectplan af 
om het zelf uit te voeren. Halverwege 1997 hoorde ik dat Maurice Donners wel in onze 
vakgroep stage wilde lopen, maar ook iets in de industrie wilde. Een plan ontstond 
waarbij Maurice een deel van de tijd bij mij onderzoek zou doen, en een deel bij DSM 
onder de hoede van Paul Alsters. Beiden stemden toe, en aldus geschiedde. Tussen 
november 1997 en zomer 1998 heeft Maurice heel hoofdstuk 5 bij elkaar gesynthetiseerd 
en -gemeten. Maurice, bedankt voor je enthousiaste werk, en natuurlijk gefeliciteerd met 
de publicatie die daarbij hoort!
Toen Maurice net naar DSM was vertrokken kwam er nog een student praten 
over een hoofdvakstage bij ons. Mijn verhaaltje over het oxidatieonderzoek was kennelijk 
interessant genoeg voor Willemijn Dierick om te kiezen voor het project ‘Maak Carvon’. 
En dat viel niet mee! Willemijn heeft werkelijk iedereen in het gebouw gevraagd en 
ondervraagd over allylische oxidaties en de omzetting van ‘het diol’ naar carvon. Met als 
resultaat een groot aantal ideeën, en een grote hoeveelheid experimenten. Hoewel we
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nog steeds geen carvon in 100% opbrengst kunnen maken, is hoofdstuk 6 van dit 
proefschrift een geslaagd overzicht geworden wat er wel en niet kan als je carvon wilt 
maken uit limoneen. Willemijn, bedankt voor je doorzettingsvermogen en grote 
hoeveelheid werk die je hebt verricht naast je enorme hoeveelheid activiteiten buiten je 
studie. Veel succes als lerares!
Of ik het wilde of niet, mijn onderzoek bracht werk op de gaschromatograaf met 
zich mee. De oude beestjes die ooit door TNO waren gedoneerd deden het nog wel, 
maar niet zonder de hulp van Pieter van der Meer die ik veel dank verschuldigd ben voor 
het oplossen van alle technische problemen die zich voordeden. Ook het kopen van een 
nieuw GC-apparaat heeft Pieter grotendeels geregeld. Massa-spectrometrie is van groot 
belang geweest voor het onderzoek beschreven in onder andere hoofdstuk 3. De analyses, 
de apparatuur, de uitleg en het oplossen van probleempjes (mijn kolom in het apparaat 
hangen... ) komen allemaal voor rekening van Peter van Galen, waarvoor eveneens dank!
Verspreid over 1997 en 1998 heb ik aardig wat uurtjes in het A-gebouw bij de 
EPR-apparaten doorgebracht. De meeste van die experimenten, die van belang zijn 
geweest bij het publiceren van hoofdstuk 2, zijn uitgevoerd en uitgewerkt door Paul van 
Kan. Paul, bedankt voor de vele uurtjes meten in de stank van iso-butyraldehyde. Voor de 
andere analyses, de N M R’s, de HPLC, de elementanalyses, de CV en vele andere 
apparaten, dank ik Annie Roelofsen, Ad Swolfs, Helene Amadtjais, Rene Aben, Theo 
Peters en alle anderen van de vakgroepen Organische Chemie en Anorganische Chemie. 
Ik wil Jelle Eygensteyn van de afdeling Analyse apart bedanken voor de hulp bij het 
uitvoeren van de ICP-AES analyses in hoofdstuk 4. Speaking o f  Chapter 4, I ’m very glad  
with the cooperation o f  the group o f  Professor D avid  Sherrington, Ms. Salla Leinonen and Mr. 
Stephen Thomson in connection with the polybenzimidazole complexes. Although all 
communication was via e-mail, and I  never actually spoke to all o f  you, we do have a publication 
together. Thank you very much!
Onmisbaar voor het onderzoek: chemicaliën. Chris Kroon zorgde altijd goed voor 
het chemicaliënmagazijn, Wim van Luijn regelde alle bijzondere bestellingen snel en 
goed, en is altijd bereid om wat extra moeite te doen voor een noodgeval. Hartelijk 
bedankt!
Begin 1997 had ik het idee opgevat om een autoclaaf-opstelling te gaan bouwen, 
net zo een als die welke bij DSM werd gebruikt voor reacties met zuurstof. Een dure 
grap, en ook ingewikkeld, want hoewel we bouwtekeningen hadden gekregen van DSM 
moesten we ook veel zelf ontwerpen. Henk de Haas van de Technische Dienst heeft het 
project onder zijn hoede genomen en met zijn medewerkers tot een prima einde gebracht. 
In een jaar tijd stond er een werkende autoclaaf, zonder welke hoofdstuk 3 nooit was 
geschreven. Henk, hartelijk bedankt voor de prettige samenwerking, de ‘uitstapjes’ naar 
DSM en het probleemloos neerzetten van de opstelling.
Gelukkig is het niet allemaal werk, werk, werk geweest. De studiereis naar 
Californië in maart 1998 is daar wel het beste voorbeeld van. De organisatie samen met 
Bart Nelissen en Vincent de Groot vond ik erg leuk om te doen. ‘t Was gezellig
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vergaderen met jullie! Volgens mij hebben we er een leuke, leerzame trip van gemaakt. 
Enne, wie organiseert de volgende?
Tegen het einde van mijn promotietijd, begin 2000, begon het mij te dagen dat na 
het schrijven van dit boekje, er ook nog correcties nodig waren. N a het efficiënte 
nakijkwerk van mijn promotor en co-promotor, wil ik de manuscriptcommissie: Dr. Paul 
Alsters, Dr. Peter Budzelaar en Prof. Ton Gal hartelijk bedanken voor het ontzettend 
snel lezen van het manuscript. Verder werd het tegen het einde ook steeds drukker wat 
betreft administratief werk. Sandra Tijdink in het begin, en Desiree van der Wey vooral 
de laatste tijd: dank voor het snel en goed regelen van alle declaraties, brieven, 
administratie, e-mail en alle andere administratieve zaken.
Toen was daar het einde van mijn promotietijd. En in de rij van belangrijke- 
mensen-in-mijn-leven missen er nu natuurlijk nog een paar. Niet omdat ik ze vergeten 
ben, maar omdat ze zich niet op de universiteit bevinden, maar thuis. Pap en mam en 
Merlijn, van jullie heb ik altijd, bewust of onbewust, een houding meegekregen die zo’n 
beetje mijn levensmotto is geworden: ‘waar een wil is is een weg’. Het heeft me geholpen 
dit werkje af te ronden. Dank voor jullie belangstelling de afgelopen jaren! Als laatste 
Erwin, mijn vriendje, die met een goed voorbeeld en een ongelimiteerd vertrouwen in 
mijn kunnen zijn eigen bijdrage heeft geleverd aan dit boek.
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